crate 


xi NUMBER at ets 


Fae , sitet j 


BOARD oF EDITORS 


os Oe ii “Deny W. Bronk, Managing Editor 
_ ‘The Johns Hopkins University 


. MH. ‘Jacons A. ©. REDFIELD 
q University of Pennsylvania Harvard University 
sd E. K. Marswat, Jr. H. W. Smira 
See, The Johns Hopkins University. New York University ry 
: _G. H. ParKER Raymonp E. ZIRKLE 


Harvard University : The University of Chicago 


¥s 


Tamry-sixrH hited PHILADELPHIA 4, Pa. , , i 


a 
A 


“post éifice at ‘Philadelphia, Pa., Saas Act of Ps 
ate of ‘postage provided for in section 1108, zi 
ed on aly 2, 1918 { f Uy 


Publications of The Wistar Institute 


JOURNAL OF MORPHOLOGY c: 


Devoted to the publication of original research on animal morphology, including cytology, 
protozoology, and the embryology of vertebrates and invertebrates. Articles do not usually 
exceed 50 pages in length. 


Issued bimonthly, 2 vols. annually: $20.000 Domestic, $21.00 Foreign, per year. 


THE JOURNAL OF COMPARATIVE NEUROLOGY 
Publishes the result of original investigations on the comparative anatomy and physiology 
of the nervous system. 


Issued bimonthly, 2 vols. annually: $150.00 Domestic, $16.00 Foreign, per year. 


THE AMERICAN JOURNAL OF ANATOMY 


Publishes the results of comprehensive investigations in vertebrate anatomy — descriptive, 
analytical, experimental. 


Issued bimonthly, 2 vols. annually: $15.00 Domestic, $16.00 Foreign, per year. 
THE ANATOMICAL RECORD 


Organ of the American Association of Anatomists and the American Society of Zoologists 
For the prompt publication of concise original articles on vertebrate anatomy, preliminary 
reports; technical notes; critical notes of interest to anatomists and short reviews of note- 
worthy publications. 


Issued monthly, 3 vols. annually: $22.50 Domestic, $24.00 Foreign, per year. 


THE JOURNAL OF EXPERIMENTAL ZOOLOGY 
Publishes papers embodying the results of original researches of an experimental or 
analytical nature in the field of zoology. 


Issued 9 times a year, 3 vols. annually: $22.50 Domestic, $24.00 Foreign, per year. 


AMERICAN JOURNAL OF PHYSICAL ANTHROPOLOGY 
Organ of the American Association of Physical Anthropologists 
Publishes original articles on-comparative human morphology and physiology as well as 
on the history of this branch of science and the techniques used herein. In addition it gives 
comprehentive reviews of books and papers, an annual bibliography, and informal 
communications, 


Issued quarterly, 1 vol. annually: $7.50 Domestic, $8.00 Foreign, per year. 


JOURNAL OF CELLULAR AND COMPARATIVE PHYSIOLOGY _ 
Publishes papers which embody the results of original research of a quantitative or 


analytical nature in general and comparative physiology, including both their physical and — 
chemical aspects. 


Issued bimonthly, 2 vols. annually: $15.00 Domestic, $16.00 Foreign, per year. 
THE JOURNAL OF NUTRITION 


Organ of the American Institute of Nutrition : 
Publishes original researches in the field of nutrition and occasional reviews of literature 
on topics with which the journal is concerned. 


Issued monthly, 3 vols. annually: $22.50 Domestic, $24.00 Foreign, per year. 


THE AMERICAN ANATOMICAL MEMOIRS 
Publishes original monographs based on experimental or descriptive investigations in the 
field of anatomy which are too extensive to appear in the current periodicals. Each number con- 
tains only one monograph. List of monographs already published, with prices, sent on application. 


ADVANCE ABSTRACT CARD SERVICE 


Every paper accepted for publication in one of the above periodicals is deconipaniod by 
the author’s abstract. The abstract and the complete bibliography reference to the paper as 
it will eventually appear is printed on the face of a standard library catalogue card. This 
Advance Abstract Card Service is issued promptly, in advance of the journal containiig the 
paper, and is offered in three styles. . 


Prices per year $2.00, $2.50 and $3.00, postpaid. 
These publications enjoy the largest circulation of any similar journals published. 


THE WISTAR INSTITUTE OF ANATOMY AND BIOLOGY 


WoopDLanb AVENUE AND THIRTY -SIXTH STREET, PHILADELPNIA 4, IPAs 


CELLULAR CHANGES ACCOMPANYING ACUTE 
AND SUB-ACUTE X-IRRADIATION DEATH 
OF THE HAMSTER! 


Il. THE ENDOCRINES 


ROBERTS RUGH, BARNET LEVY? AND LOTTIE SAPADIN 


Radiological Research Laboratory, Columbia Universi’y 
FORTY-TWO FIGURES 


INTRODUCTION 


Radiation studies on the endocrine glands have been moti- 
vated largely by clinical interest in alleviating some patho- 
logical condition by destroying the gland with ionizing ra- 
diation and thereby impeding its function. There have been 
relatively few histopathological analyses of the changes at- 
tendant upon irradiation. On the whole, the endocrine organs 
have been considered radioresistant, following either direct 
exposure of the gland or total body radiation. 

In discussing the effect of whole body x-irradiation upon the 
endocrine glands, one is immediately challenged by the realiza- 
tion that these organs (second possibly to the lymphocytic 
system) are quickest to reflect changes in the general body 
health of the organism. There may therefore be some con- 
fusion between systemic and direct effects, either of which 
might bring about specific histological changes. One has only 
to cite the effect of hypophysectomy on other endocrines to 
point up this problem. Nevertheless, in this study we have 
been interested in the composite whole (the hamster), even 
though we must of necessity treat the various organ systems 

*This document is based on work performed under Contract AT-30-1-GEN-70 


for the Atomic Energy Commission. 
*From the Department of Dentistry. 
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of the body separately as though they were independent en- 
tities. In the final paper of this series we will attempt to 
evaluate the so called ‘‘organismic’’ factors. 

While the literature suggests that the endocrines are radio- 
resistant, we have found some x-irradiation effects on all of 
the endocrines studied. Since the effects on the various or- 
gans differ somewhat, and since we have also made a study 
of the acute and sub-acute radiation exposures, we propose 
to treat separately each of the major endocrine organ systems, 
namely: the thyroid, parathyroid, pituitary, adrenal, and pan- 
creas. 

The thyroid gland 


Walters et al. (732) claimed that the normal thyroid gland 
is quite radioresistant. The major effect was hyperplasia and, 
following an over dosage of x-radiation, a thickening of the 
capsule. Zimnitsky et al. (’36) irradiated male rabbits on suc- 
cessive days with 550r and found that some of the thyroid 
elands showed hyperemia; some showed slight vacuolization 
of the cytoplasm; and others, following larger doses of x- 
radiation, showed a coarsening of the mitochondria. Warren 
(43) reported that roentgen rays may stop, for a time, the 
production of colloid, rendering the follicle empty. He also 
stated that there may be vascular and connective tissue 
changes. It is of interest to note that Bloom (’48) and his 
co-workers on the Manhattan project did not include the en- 
docrine glands in their over-all study of histopathological ef- 
fects of radiation. Montag (’50) claimed that following 1500 r 
there were degenerative changes in the nervous connections 
with the thyroid and in the nuclei of the follicular cells. Most 
recently, Hursh et al. (’51) directed the x-ray beam to the 
thyroid glands alone, giving doses of 3,000 to 6,000 r. They 
found an increase in the I'*! uptake in consequence, but they 
could identify no morphological changes in the gland. They 
regarded the hyperactivity of the gland as a reflection of the 
systemic response to radiation. They stated: ‘‘The level of 
local roentgen irradiation necessary to produce destruction 
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of thyroid tissue is greater than the highest dose which can 
be administered to a rat without caus.ng its death.’’ 


The thyroid gland of control hamsters 


The thyroid glands of the hamsters used as controls are 
normally active, and have epithelium that is uniformly cu- 
boidal with the exception of a few follicles around the pe- 
riphery of the organ in which the epithelium is flat (pl. 1, 
fig. 1). In these peripheral follicles the colloid is rather 
opaque and non-vacuolated, indicating inactivity. The vast 
majority of the follicles contain pale or thin colloid, with 
abundant evidence of secretory activity. The interfollicular 
stroma of these hamster thyroids appears to be quite vas- 
cular, but is definitely not hyperemic (pl. 1, fig. 4). 


Thyroid of hamsters killed under the x-ray beam 


The most apparent change in these thyroids is hyperemia 
and hemorrhage. The thyroid vessels are all engorged with 
blood (pl. 1, fig. 2), and there are numerous red blood cells 
scattered throughout the interfollicular stroma (pl. 1, fig. 5). 
Some blood cells may even be found embedded within other- 
wise normal colloid (pl. 1, fig. 7). 

The colloid in the follicles of these hamsters is quite like 
that of the controls (pl. 1, compare figs. 1, 4 and 2, 5), with 
the more central follicles giving evidence of colloid resorp- 
tion. The peripheral follicles seem to have retained their more 
opaque colloid. This condition is one which suggests that the 
resorptive activity of these thyroids has been stimulated. 

The follicular epithelium is variable in height. In some 
areas it appears to be normal and secreting colloid while in 
other regions there appears to be cytoplasmic, but not nuclear, 
destruction. In general the follicular epithelium is more ac- 
tive than that of the controls (pl. 1, fig. 5). Some of the epi- 
thelium is cuboidal while the more peripheral follicles have 
flat epithelium. Pyknotic nuclei are present but are so rare 
that they are difficult to find. There is no evidence of karyor- 
rhexis. 
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Thyroids of hamsters killed one week after an 
LD/100 dose of 1500r 


There is no evidence of hyperemia in these thyroids (pl. 1, 
fig. 3), but the presence of red blood cells in some of the col- 
loid masses within the follicles indicates some hemorrhage (pl. 
13 fie.-3). 

Most of the colloid of these hamster thyroids is uniformly 
opaque, with no evidence of resorptive activity. The colloid 
appears to have been accumulated and ‘‘jelled”’ (pl. 1, figs. 3, 
G5) 

The follicular epithelium is quite uniformly cuboidal (pl. 
1, fig. 6). Its smooth or flat inner surface indicates that there 
is no secretory activity going on. No pyknotic nuclei or mi- 
toses can be found. There seems to be some cytoplasmic de- 
struction. 

The collagenous fibers which extend from the thyroid gland 
and into and around the parathyroid gland appear to have 
been coarsened and made fibrotic. The parathyroids are other- 
wise unaffected (pl. 1, fig. 8). 


Summary on the thyroids 


Hyperemia developed in the thyroids of hamsters killed 
under the x-ray beam but not in the thyroids of those ham- 
sters which were given an LD/100 dose and killed a week 
later. Hemorrhage was seen in both instances, as evidenced 
by the presence of red blood cells within some colloid masses. 

The colloid in the follicles of thyroids of hamsters killed 
under the beam was variable in opacity, but in general it ap- 
peared to have been resorbed to a slightly greater extent 
than in the controls. This suggested a slight stimulation to 
activity. This slight secretory hyperactivity was also noted 
in the follicular epithelium. It must be admitted that these 
conditions may reflect the generalized heightened metabolism 
of acute radiation death rather than a direct effect of radia- 
tions on the thyroid gland. hs 
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In contrast with the above, hamsters killed one week follow- 
ing an LD/100 dose of 1500 r had thyroid glands with uni- 
formly opaque, concentrated and apparently ‘‘congealed’’ col- 
loid which gave no evidence of being resorbed. The epithelium 
lining these follicles was of a uniform low cuboidal type, with- 
out evidence of secretory activity. 

Nuclear damage was questionable, although a few pyknotic 
nuclei were found under both radiation conditions. There were 
only occasional suggestions of cytoplasmic damage in both 
instances. There was an apparent coarsening of the connec- 
tive tissue (stroma) only in the thyroids of the delayed death 
series. 

One might conclude that, aside from the general hyperemia, 
the thyroid and the parathyroid glands are quite radioresis- 
tant. 

The parathyroids 


Of all the endocrine organs studied the parathyroids ex- 
hibit the least histological effect following either acute or 
sub-acuate x-radiation exposures. Walters et al. (’31) de- 
scribed hyperemia of the parathyroids, and this was observed 
in our ‘‘death under the beam’’ series. These same investiga- 
tors described an increase in the connective tissue of the para- 
thyroids several months-after dogs were exposed to x rays. 
We too found some increase in the connective tissue from 
the thyroid into and also around the parathyroid glands in 
those hamsters killed one week following the lethal dose of 
1500 r. However, there was at no time any evidence of pykno- 
sis, karyorrhexis, nuclear swelling, vacuolization of cytoplasm, 
or cell destruction of any kind. One must therefore consider 
the parathyroid gland to be the most resistant of all of the 
endocrine glands studied. 


The pituitary gland 


Direct x-radiation of the pituitary gland has been used in 
the treatment of certain functional disorders in the female 
(Suzuki, ’31; Lacassagne and Nyka, 734, 735; Kotz and Parker, 
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40). Denniston (41, 42) found a differential susceptibility 
to x rays of the anterior lobe cells in the ground squirrel. 
The basophils seemed to be unaffected. The acidophils, with 
increasing doses of x-radiation, were decreased in number 
and the cytoplasm became cloudy and shrank while the nu- 
cleoli were enlarged. The blood sinuses became sclerotic 
and progressively engorged with erythrocytes. More recently 
Dougherty and White (’46) used radiation to study the pitui- 
tary-adrenal cortical control of lymphocytes. Freed et al. 
(’48) found that low exposures to x-radiation caused a slight 
enlargement of rat pituitaries with only transient effects on 
the normal pituitary function. 


The effects of radiation on the pituitary 
gland of hamsters 


When hamsters are killed under the x-ray beam there is 
hyperemia of the pars anterior and pars nervosa, but not of 
the pars intermedia (pl. 2, figs. 3, 4, 5). This may be due to 
the low vascular supply of the pars intermedia. The capil- 
laries of the pars anterior appear to be more congested than 
those of the pars nervosa (pl. 2, figs. 4 and 5). Occasional 
extra-vascular erythrocytes may be seen. Isolated pyknotic 
nuclei are found in both the pars anterior and the pars nerv- 
osa, but they are infrequent and there is no evidence of kary- 
orrhexis. The major effect of death under the beam on the 
pituitary gland is on its circulatory system rather than its 
cellular constituents. 

When hamsters are killed one week following an LD/100 
exposure of 1500 r the anterior lobe and the pars nervosa have 
only a few isolated pyknotic nuclei and there is no evidence 
of karyorrhexis. Some of the anterior lobe cells are swollen 
and a few nuclei are enlarged in diameter by at least 20% 
over the largest of the control nuclei (pl. 2, fig. 6). There 
seems to be a statistical increase in the relative number of 
acidophilic cells of the pars anterior, as distinguished by the 
Masson stain. Neither hyperemia nor hemorrhage is evident 
in any part of the pituitary gland (pl. 2, figs. 6, 7, 8). The 
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collagenous fibers between the crypts of cells appear to be 
coarsened (pl. 2, fig. 7). The fibers of the pars nervosa are 
no longer continuous threads but are granular and frag- 
mented, suggesting some destruction (pl. 2, fig. 8). 


Summary on the pituitary 


The pituitary gland proved to be radioresistant as analyzed 
by histological methods. The pars intermedia exhibited no ef- 
fects, but this may have been due to its low blood supply. 
The pars anterior and pars nervosa of hamsters killed under 
the beam showed hyperemia with very slight hemorrhage but 
animals given the LD/100 dose and killed a week later did not 
show these effects. Pyknosis was found in both instances, but 
it was rare. There was no evidence of karyorrhexis. In the 
slow death series theré was slight nuclear swelling of the pars 
anterior cells and an apparent breakdown of the pars nervosa 
fibers. 

The pancreas 


Menetrier et al. (’09) irradiated the pancreas of a diabetic 
patient and found at autopsy that there was no change in this 
gland. Lazarus-Barlow (’22) exposed the pancreas of frogs, 
rats, rabbits and eats to the gamma rays of radium, and found 
that the islands of Langerhans were unaffected but that heavy 
exposures damaged the acinous cells whose supporting col- 
lagen was swollen. The epithelial nuclei were vesiculated, and 
there was some desquamation. Case and Warthin (’24) at 
autospy found lymphocytic infiltration of the pancreas of a 
patient exposed to a heavy dose of x-radiation over the epi- 
gastrium. Fibrosis of the pancreas was reported by Fisher 
et al. (’26) and by Leven (733). Tsuzucki (’26) found the pan- 
creas radioresistant except to very high doses. Rosenbaum 
(727) irradiated the pancreas of hens and was unable to stop 
mitosis of islet cells, although there was some enlargement of 
the islands. Capocaccia and Vallebona (’29) stated positively 
that islet epithelium was more resistant than acinar epithe- 
lium. Hirsch (’31) found that following even very light radia- 
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tion the zymogen granules of the acinous cells were disturbed. 
Terbruggen and Heinlein (’32) produced lethal hypoglycemia 
in the rabbit after heavy doses of radiation, with aceompany- 
ing pyknosis, degeneration, and vacuolization of the acinous 
cells. The island cells remained normal or were slightly hy- 
pertrophied. Shields Warren (742) stated that ‘‘the pancreas 
is resistant to radiation injury.’’ 

The pancreas of the normal control hamsters has distinct 
islets of Langerhans (pl. 3, fig. 1), each surrounded by a thin 
reticular membrane (pl. 3, fig. 4). Zymogen granules in the 
acinar cells are abundant (Jewell and Charipper, ’51). 


Pancreas of hamsters killed under the x-ray beam 


In the pancreas of these hamsters the islets of Langerhans 
are still distinct under low power magnification (pl. 3, fig. 2) 
and their constituent cells are not dispersed (pl. 3, fig. 5). The 
single reticular layer which normally surrounds the islet cells 
is usually broken, or discontinuous. From a third to a half 
of the islet cells have pyknotic nuclei, while others may ex- 
hibit various stages of chromatin condensation. The capil- 
laries supplying the islets are often dilated and engorged with 
red blood corpuscles (pl. 4, fig. 7). The connective tissue cell 
nuclei and the red blood cells within the islets do not ap- 
pear to be affected. The islet nuclei which are not pyknotic 
or which do not show chromatin condensation have an aver- 
age diameter somewhat less than that of the control average 
(compare figs. 4 and 5, pl. 3). 

Pyknosis is rarely seen in the nuclei of the acinar cells, 
although there are occasionally groups of cells with pyknotic 
nuclei. A few scattered instances of karyorrhexis may be 
found (pl. 4, figs. 11-13). Cytoplasmic vacuoles are some- 
times seen (pl. 4, figs. 8, 9). There appears to be a reduction 
in the number and the staining quality of the zymogen gran- 
ules. 

The most pronounced effect of acute radiation on the pan- 
creas, aside from the pyknotie nuclei, is the over-all hyper- 
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emia. The major capillaries are engorged; there are some 
extra-vascular (hemorrhagic) inter-acinar red blood cells, and 
the blood vessels of some of the islets are dilated. 


Pancreas of hamsters killed one week following 
an LD/100 of 1500r 


The islets of Langerhans under these conditions appear to 
be reduced in number, although counts in whole glands were 
not taken. Since the reticular capsule around the islets is 
largely disintegrated (pl. 3, fig. 6) and the islet cells have 
become intermingled with acinous cells, the islets as such are 
much more difficult to locate (pl. 3, fig. 3). 

The islet nuclei are quite uniform in appearance, and have 
an average diameter slightly greater than that of the con- 
trols. Pyknotie nuclei are rarely seen, but islet cell cytoplasm 
appears to be mingled with that of adjacent cytoplasm so as 
to provide a uniformly granular background. An occasional 
mitotic figure may be seen, indicating that x-radiation to 1500 r 
does not stop mitosis. 

The acinar nuclei vary in diameter between 10-20 u 
while the controls range from 10-12 (pl. 4, fig. 16). There 
are more large acinar nuclei in these animals than in the 
controls. Occasionally groups of these cells may have pyknotic 
nuclei, and they show some evidence of karyorrhexis (pl. 4, 
figs. 14, 15). No cytoplasmic vacuoles are found. The zy- 
mogen granules of these cells are definitely reduced in num- 
ber and in staining quality. 

The Laidlow stain indicates that there is some coarsening 
of the encapsulating as well as the stromal connective tissue 
of the pancreas in those hamsters killed one week after the 
lethal dose of 1500 r. This, however, is a difficult factor to 
evaluate. 


General summary of effect of x rays on the pancreas 


The effect of acute radiation damage on the pancreas was 
to damage the islet cells particularly, and to induce hyper- 
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emia. Some of the acinar cells developed vacuoles. There 
was some dissolution of zymogen granules. 

The effect of slow radiation death on the pancreas was 
damage to the reticular connective tissue which encapsulates 
the islets of Langerhans, allowing the islet cells to be dis- 
persed outwardly among the acinar cells. There was also some 
indication of fibrotic changes. There was no significant nuclear 
damage except for a slight swelling. The acinar cells showed 
reduction in their zymogen granules and some pyknosis and 
karyorrhexis. However, a few mitotic figures were observed. 

The pancreas is quite radioresistant, but the islet cells are 
differentially more sensitive to acute radiation exposure than 
are the acinar cells. 


The adrenal gland 


The literature relating to the effects of x-radiation on the 
adrenal gland contains contradictory findings. Changes, rang- 
ing from hyperemia and hemorrhage (Harvey, ’03; von De- 
castello, 712; Strauss, ’21; Engelstadt and Torgersen, ’37) 
through various degrees of necrosis (Cottentot et al. 712; 
Grabfield and Squier, ’21; Wislocki and Crowe, ’21; Lacas- 
sagne and Samssanow, ’23; Warren, °43; Rhoades, ’48 and 
others) have been described. Tsuzucki (’26) found a reduc- 
tion in the fat content of the adrenal cortex, hyperemia and 
degeneration as well as atrophy of the medullary cord cells 
in animals exposed to high doses of irradiation. This is in 
direct contrast to the reports of the majority of other work- 
ers who have described the cortical cells as the more sensitive. 
Fibrosis of the adrenal gland following x-radiation has also 
been described. Recently Knowlton and Hempelmann (’49) 
studied the mitotic indices of the zona glomerulosa and zona 
fasciculata following various doses of x-radiation to the mouse 
adrenals, and found fluctuating response for the first three 
days followed by a slow but continuous decline. 

With the exception of Tsuzucki’s work, the conclusions may 
be drawn that the adrenal gland medulla is quite radioresist- 
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ant. The zona reticularis and zona glomerulosa are more 
sensitive than is the zona fasciculata; fat reduction, pykno- 
sis, and cytoplasmic vacuolization are seen as signs of cell 
degeneration and fibrosis occurs over a long period follow- 
ing high exposure to x-radiation. 


Adrenal gland of hamsters killed under 
the x-ray beam 


There is slight hyperemia of the cortical layer, most ap- 
parent in the zona glomerulosa and the zona fasciculata in 
the form of dilated and engorged capillaries supplying the 
medulla. 

Pyknotie nuclei in the cortex are very difficult to find. An 
occasional one may be. located in the zona glomerulosa and a 
few more in the zona reticularis, but there are none in the 
zona fasciculata. Among the fasciculata cells, however, a few 
cytoplasmic vacuoles may be found. The average diameter 
of the fasciculata and reticulata cell nuclei is slightly greater 
than that of the control nuclei (pl. 5, fig. 4). 

The medullary cords are distinct, not only because of the 
hyperemia and dilatation of their capillaries, which are en- 
gorged with red blood corpuscles, but also because the medul- 
lary region as a whole appears to be swollen (pl. 5, fig. 2). 
Some of the capillaries appear to be free of blood corpuscles, 
but do contain a fluid which is probably plasma. There is some 
evidence of hemorrhage within the medulla as well as a lym- 
phocytie infiltration. There is extensive cytoplasmic destruc- 
tion of the medullary cells (pl. 5, figs. 8, 9), with a few pyk- 
notice nuclei. Some karyorrhexis is evident, particularly in 
association with the chromaffin as well as the epithelial cells. 
The major effect, however, is a swelling of the medullary cell 
nuclei, which are oval and measure as much as 17» in their 
long axes and 74y in their short axes (pl. 5, fig. 5), as com- 
pared with the nuclei of the controls, which are spherical and 
measure 6 to 7u in diameter. Nuclear swelling to this ex- 
tent does not involve many cells, but most of the medullary 
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cell nuclei exhibit some swelling (i.e., they are 10-20% larger 
than the controls in diameter). 
The adrenal capsule is intact and apparently unchanged. 


Adrenal gland of hamsters killed one week after an 
ID/100 dose of 1500 r 


Hyperemia of these adrenals is largely limited to the me- 
dulla, with dilatation of the blood vessels but without evi- 
dence of hemorrhage (pl. 5, fig. 3). 

Pyknotie nuclei are virtually absent in the cortex (pl. 5, 
fig. 6), although occasionally a small group of such nuclei are 
found within the zona reticularis only, close to the medulla 
(pl. 5, fig. 7). Some cortical nuclei are slightly swollen, and 
the cytoplasm of some of these cells is vacuolated (pl. 5, fig. 
6). The large vacuolar-like spaces among the zona fasciculata 
cells are much more abundant than in the control adrenals. 

The medullary cells do not show the cytoplasmic damage 
found in the previous group, although a few scattered cells 
appear to be glandular, vacuolated, and in the process of 
disintegration (pl. 5, figs. 10, 11). Many of the nuclei of these 
cells are larger than those of the controls, but not to the ex- 
treme degree seen in the previous group. The control aver- 
age is 6-7 and some of these nuclei measure up to 10 in 
diameter. Pyknosis is almost entirely absent. There is some 
pale basophilic staining material between the medullary cords, 
which may be edema fluid. The blood capillaries contain some 
fine plasma-like precipitate. 

The capsule of these adrenals is definitely thickened. While 
the capsule around the control adrenals may vary in thick- 
ness from 7 to 17 u, in these x-radiated hamsters the adrenal 
capsule varies from 9 to 22 p in thickness. 


Summary: adrenal gland 


The adrenal gland is so sensitive to body stresses that it is 
difficult to isolate the changes attributable exclusively to the 
ionizing radiations. On the whole, the gland appears to be 
radioresistant. The degree of hyperemia is low; there are only 
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occasional pyknotie nuclei, and such damage as is manifest is 
related particularly to the cytoplasm of the medullary cord 
cells rather than to the cortex, and also to the over-all nuclear 
swelling. The shght thickening of the capsule in the slow 
death series is to be expected. 


Summary and conclusions: the endocrines 


1. The endocrine glands appear to be relatively radioresist- 
ant to acute x-radiation exposures. The current findings with 
hamsters differ in certain important details with some of the 
published conclusions. While parts of some of the glands are 
particularly sensitive, one might arrange the glands in the 
following order of increasing radiosensitivity: parathyroid, 
pituitary thyroid, adrenal, and pancreas. 

2. All of the glands exhibit hyperemia in the ‘‘death under 
the beam series.’’ This is most evident in the anterior pi- 
tuitary and the thyroid, and least evident in the adrenal cor- 
tex and pars intermedia. Hemorrhage generally accompanies 
this hyperemia, particularly in the thyroid, the islets of Lan- 
gerhans, and in the adrenal medulla. 

3. Pyknosis is most abundant in the epithelial cells of the 
islets of Langerhans, but is also seen in the thyroid follicle 
epithelium, the anterior lobe of the pituitary, and to a slight 
extent in the adrenal medulla. Generally, where one finds 
pyknosis there is some accompanying karyorrhexis. Mitosis 
is abruptly stopped in all of these organs when the animal is 
killed under the beam. 

4. Nuclear swelling is found throughout, both in ‘‘death 
under the beam’’ and the slower death following the lethal 
exposure. The swelling occurs to varying degrees and in dif- 
ferent regions of the organs. It appears to be most pro- 
nounced in the adrenal and the pancreas. 

5. Cytoplasmic damage precedes nuclear breakdown in most 
of the epithelial components such as the islets of Langerhans, 
the thyroid follicle, and the adrenal medulla. 

6. The sub-acute exposure of 1500 r (animals sacrificed in 
one week) brought about the following effects: cessation of 
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secretory and resorptive activity of the thyroid follicular epi- 
thelium; reduction in the number and size of the zymogen 
granules of the acinar cells of the pancreas; reduction but 
not complete cessation of mitosis; some edema; overall swell- 
ing of nuclei, but not to any uniform degree even within the 
same part of the same organ; breakdown of connective tis- 
sue framework (reticular capsule around the islets of Lan- 
gerhans); and increased fibrosis (thyroid and adrenal cap- 
sule). There was no hyperemia in these endocrine glands. 
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PLATE 1 


EXPLANATION OF FIGURES 


The thyroid of hamsters 


1-3 Low power magnification of thyroid sections. 


1 — Control hamster. 

2— Hamster killed under the x-ray beam, showing hyperemia and some 
evidence of hyperactivity. 

3 — Hamster killed one week after receiving and LD/100 of 1500 r, show- 
ing hypofunction with accumulation of opaque colloid. 


4* Control hamster thyroid showing normally active follicular epithelium and 


OU 


resorbing colloid. 


Thyroid of hamster killed under the x-ray beam showing slight hyperactivity 
but with some epithelial (cytoplasmic) destruction, inter-follicular occlusion 
of corpuscles, and occasional pyknotic nuclei. 


Thyroid of hamster killed one week after an LD/100 exposure showing in- 
active follicular epithelium and the accumulation of opaque colloid. 


Same thyroid as figures 2 and 5 except showing invasion of follicular colloid 
by red blood corpuscles, giving evidence of hemorrhage. 


Same thyroid as figures 3 and 6 but showing red blood corpuscles within 
the follicular colloid and normal-appearing parathyroid cells (to upper right). 


* Figures 4 to 8 inclusive are enlarged to the same degree. 
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PLATE 2 


EXPLANATION OF FIGURES 


The pituitary gland of hamsters 


Control pituitary enlarged to show pars anterior (above), interlobular space, 
pars intermedia (beneath space) and fibrous pars nervosa (lower region). 


Enlarged section of anterior lobe showing normal acidophils, basophils, and 
chromophobes. 


Low power magnification of entire pituitary gland of hamster killed under 
the x-ray beam showing hyperemia or engorgement of the blood capillaries of 
the anterior lobe particularly. 


Enlarged section of anterior lobe of pituitary (same as fig. 3) showing ex- 
treme occlusion of blood capillaries. One pyknotie nucleus may be seen just 
above the center of the field. 


Pars nervosa of hamster killed under the beam showing hyperemia. 


Pars anterior of hamster killed one week after an LD/100 dose of 1500r 
showing some cytoplasmic destruction (compare with fig. 2) but no hyper- 
emia. Note swelling of cells and nuclei (one large basophil toward center 
of field might be considered a giant cell). 


Apparent coarsening of inter-crypt connective tissue of the anterior lobe of 
hamster shown in figure 6. 


Pars nervosa of hamster shown in figures 6 and 7 showing lack of hyperemia, 
but slight destruction (granulation) of fibers. 
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PLATE 38 


EXPLANATION OF FIGURES 


“Lhe pancreas of hamsters 


Low power photograph of section of control hamster pancreas, showing clearly 
demarked islet of Langerhans and interlobular duct. 


Pancreas of hamster killed under the x-ray beam showing islet still clearly 
demarked. 


Pancreas of hamster given an LD/100 and killed in one week, showing dis- 
persion of islet cells so that it is no longer clearly demarked from the sur- 
rounding acinar cells. 


From figure 1 enlarged to show uniform islet cells, the surrounding thin con- 
nective tissue membrane, and normal acini. 


From figure 2 enlarged to show more than 50% of the islet cells definitely 
pyknotic, with some partially pyknotie and still others apparently quite nor- 
mal. Note breakdown of surrounding connective tissue membrane and essen- 
tially normal acinar cells. 


From figure 3 enlarged to show low incidence of pyknosis and granular cyto- 
plasm of the islet cells. Note complete loss of surounding connective tissue 
membrane, and outward dispersion of islet cells. 
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PLATE 4 


“EXPLANATION OF FIGURES 


The pancreas of hamsters (2) ? 
7 Hyperemia or dilatation of capillaries leading into an islet of Langerhans. 
8,9 Cytoplasmic vacuoles in acinar cells, and karyorrhexis. 
10 Enlarged acinar nucleus, shown near nuclei of normal size. 
11-13 Evidences of karyorrhexis in acinar cells. 


14, 15 Clumping of chromatin in acinar nuclei of hamsters killed one week 


after exposure to LD/100 of 1500r. 


16 Isolated nuclei of three sizes, giving evidence of swelling, from same animal 
as figure 14. 


*Figures 7-13 inclusive are all from hamsters killed under the x-ray beam. 


Figures 14-16 are from hamsters killed one week after exposure to an LD/100 dose 
of 1500 r. 
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PLATE 5 


EXPLANATION OF FIGURES 


The adrenal gland of hamsters 
Low power view of control adrenal showing compact medullary cords. 


Adrenal of hamster killed under the x-ray beam showing dilatation of medul- 
lary capillaries and possible swelling of entire medullary region. 


Adrenal of hamster killed one week following an LD/100 dose of 1500 r show- 
ing edemic swelling of medulla and loss of clear cut demarcation between me- 
dulla and cortex. (Figs. 1, 2, 3 at same magnification.) 


Zona fasciculata (from hamster of fig. 2) showing an enlarged nucleus in 
field of other nuclei of normal size. 


Medullary region (from hamster of fig. 2) showing enlarged medullary cell 
nucleus in field of zona reticularis nuclei (to left) and normal sized medul- 
lary cell nuclei (to right). 


Cytoplasmic vacuole in cell of zona fasciculata from hamster of figure 3. 


Hamster from figure 3 showing region of both zona reticularis (above) and 
medullary region (below). Note some tendency to pyknosis of reticularis 
nuclei in contrast with quite normal medullary cell nuclei. 


9 Karyorrhexis in medullary cells of hamster dying under the x-ray beam 
(as figs. 2, 4, 5). Note also breakdown of cytoplasm in figure 8. 


Medullary region of hamsters killed one week after exposure to an LD/100 
dose of 1500r (same as figs. 3, 6, 7) showing enlarged nucleus in disinte- 
grating cell, surounded by rather normal medullary cells. 


Dilated capillary from same hamster as figure 10 showing absence of red 
blood corpuscles. Surrounding medullary cells appear rather normal. 
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AN ANALYSIS OF THE PHOTOELECTRIC METHOD 
FOR STUDYING OSMOTIC CHANGES IN 
CHICKEN ERYTHROCYTES ?? 


F. R. HUNTER 
Department of Physiology, Florida State University, Tallahassee 


FIVE FIGURES 


iE 


Erythrocytes have long been used for permeability studies 
but in spite of their convenience, considerable care must be 
exercised in interpreting observations because of the sensi- 
tivity of these cells to environmental changes. In most of his 
writings, Jacobs has emphasized this point. During the past 
few years the author has been interested in trying to find a 
method for determining changes in the permeability to non- 
electrolytes of erythrocytes which have been subjected to 
rather marked environmental changes, without too much dan- 
ger of misinterpretation resulting from other alterations in 
the cells. Since hemolysis times may be influenced by a va- 
riety of factors (see, for example, Jacobs and Parpart, 731), 
a more sensitive apparatus was constructed (Hunter, ’49a) 
in order to use rates of swelling as a measure of permeability. 
But it was soon found (Hunter, ’49b) that this technique was 
not too satisfactory, since slight hemolysis occurs under a va- 
riety of circumstances which makes it difficult to interpret the 
results obtained. 

1This work was supported in part by grants from the Division of Grants and 
Research, U. S. Public Health Service and the Faculty Research Fund, The Uni- 
versity of Oklahoma. 

*The experimental work was performed in the Department of Zoological Sci- 


ences, The University of Oklahoma, Norman, Okla. 
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Wilbrandt (’41) suggested a variation of this general tech- 
nique to measure the permeability to non-electrolytes which 
consisted of equilibrating erythrocytes in a salt solution plus 
the non-electrolyte. Measurements were then made of the 
shrinking of the cells as the non-electrolyte leaves the cells 
into a surrounding salt solution. (Whether or not the rate 
of entrance and exit of substances into and out of these cells 
is the same remains to be demonstrated.) The present work 
represents an attempt to evaluate the records obtained using 
this technique and to describe the general procedure now be- 
ing followed in this laboratory to study erythrocytes. Much 
of the work to be reported does not represent anything which 
is fundamentally new. However, the characteristics of this 
particular apparatus using chicken erythrocytes must be es- 
tablished. Furthermore, a fairly complete analysis of the pro- 
cedures which are followed in this laboratory will simplify 
the recording of future observations. 


II 


In the present experiments blood was obtained from a 
chicken by cardiac puncture under bacteriologically sterile 
conditions. Heparin was used as an anticoagulant. The blood 
was centrifuged at 2000-3000 & @ and the plasma and buffy 
layer were removed. Stock suspensions were made up by mix- 
ing equal volumes of erythrocytes and 0.3 M non-electrolyte 
in Ringer Locke or equal volumes of cells and 0.6 M non- 
electrolyte in Ringer Locke. An aliquot of one of these stock 
solutions was added to a salt solution and the rate of shrink- 
ing was measured. Salt solutions varying in tonicity from 
2x Ringer Locke to 0.5 & Ringer Locke were used. 

In each instance 10 em’ of the salt solution were placed in 
the chamber of the photoelectric apparatus previously de- 
scribed, and from 0.06-0.38 em® of one of the stock suspen- 
sions was added. It was found that more reproducible read- 
ings could be obtained if the cells were added from a specially 
made pipette which would fill by capillarity to a constant vol- 
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ume. The temperature was maintained at 37° + 0.1°C. and 
bacteriologically sterile techniques were observed except dur- 
ing the 5-10 minutes that the actual readings were being made. 
The records of the deflection of a Kipp and Zonen torsion 
string galvanometer were obtained on bromide paper. 

A portion of a typical series of records which can be ob- 
tamed using this shrinking technique is shown in fig- 
ure 1. A continuous record was obtained during the first 15 
seconds and this was followed by an exposure every 15 sec- 
onds. To obtain the upper series of curves, equal volumes 
of erythrocytes and a solution of 0.38 M glycerol in Ringer 
Locke were equilibrated for at least 15 minutes at 37°C. An 
aliquot of this stock suspension was added to 10cm? of 2 x 
Ringer Locke in the apparatus and a record was obtained. 
This procedure was repeated with a different salt solution 
until a series of shrinking curves was recorded. The lower 
series was obtained in the same way except the cells were first 
equilibrated in a solution of 0.6 M glycerol in Ringer Locke. 
These cells which contain non-electrolyte are hypertonic to 
all of the salt solutions used. Thus, when the cells are placed 
in the salt solutions, water enters and the cells swell. In the 
more dilute salt solutions (1 x Ringer Locke, for example) 
some of the cells swell to their hemolytic volume. The ascend- 
ing portion of some of the curves in figure 1 results from this 
swelling of all the cells and hemloysis of some of them. As 
more and more hypotonic environments are selected more and 
more of the cells swell initially to their hemolytic volume. 
Spectrophotometric data confirm this point. In one experi- 
ment, for example, cells which had been equilibrated in 0.6 M 
elycerol in Ringer Locke showed 5% hemolysis when placed in 
1.25 « Ringer Locke and only 3% when placed in 2 X Ringer 
Locke. 

In order to be certain that the cells which swelled to less 
than their hemolytic volume after having been suspended in 
0.6 M elycerol in Ringer Locke were normal, the following 
observations were made. After records were obtained simi- 
lar to those shown in the bottom half of figure 1, about 4 cm? 
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of the stock suspension of cells in 0.6 M glycerol in Ringer 
Locke were centrifuged at approximately 1500 X g, the su- 
pernatant fluid was removed and the cells resuspended in 
40 cm? of 2 Ringer Locke. After standing 10-15 minutes 
this was centrifuged, the supernatant removed and the cells 
resuspended in 40 em* of Ringer Locke. After standing an- 
other 10-15 minutes this suspension was centrifuged, the su- 
pernatant removed and 0.3 em* of the packed cells was added 
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Fig. 1 A series of shrinking curves obtained with chicken erythrocytes at 37°C. 
Upper series were equilibrated in 0.3 M glycerol in Ringer Locke while the lower 
series were equilibrated in 0.6 M glycerol in Ringer Locke. The numbers indicate 
(x Ringer Locke) the concentration of the salt solution in which the shrinking 
occurred in each case. 


to 0.5 em® Ringer Locke and another 0.3 em? of cells was added 
to 1em* of 0.3M glycerol in Ringer Locke. These two cell 
suspensions then served as new stocks for measuring swell- 
ing in 0.3 M glycerol in Ringer Locke and shrinking in 1.5 X 
Ringer Locke respectively. It was assumed that this wash- 
ing procedure had removed all of the glycerol from the cells. 
Figure 2 compares the rates of swelling and shrinking of 
these washed cells with the original, unwashed stock suspen- 
sions. It can be seen that the behavior of these cells is 
normal. This is not too surprising for, although initially a solu- 
tion of 0.6 M glycerol in Ringer Locke has an osmotic pres- 
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Fig. 2 The effect of previous equilibration in 0.6 M glycerol in Ringer Locke 
on the osmotie behavior of chicken erythrocytes. 1— Rate of swelling in 0.3 M 
glycerol in Ringer Locke of cells incubated in Ringer Locke for 17 hours. 2— 
Rate of shrinking in 1.5 X Ringer Locke of cells equilibrated in 0.3 M glycerol 
in Ringer Locke for 17 hours. 3 — Rate of swelling in 0.3 M glycerol in Ringer 
Locke of cells incubated in 0.6 M glycerol in Ringer Locke for 17 hours, then 
washed in 2 X Ringer Locke and resuspended in Ringer Locke. 4— Rate of 
shrinking in 1.5 X Ringer Locke of cells incubated in 0.6 M glycerol in Ringer 
Locke for 17 hours, then washed in 2 * Ringer Locke and resuspended in 0.3 M 
glycerol in Ringer Locke. Curves 1 and 3 first 5 seconds recorded; curves 2 and 
4 first 15 seconds recorded; vertical breaks —15 second intervals. 
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sure three times that of the cell, at equilibrium the concen- 
tration of glycerol in the cell is only 0.365 M. It might be 
expected, then, that these cells would not be too different from 
cells which have swelled in an infinite volume of 0.3 M elye- 
erol in Ringer Locke. 

One would predict that as the external medium is made 
less concentrated, the change in volume required to reach equi- 
librium would be greater. One would also expect that the more 
non-electrolyte there is in the cell, the greater would be the 
volume change. Figure 1 shows that these two predictions 
are fulfilled. To determine whether or not the observed vol- 
ume changes agreed with theoretical values based on the van’t 
Hoff-Mariotte law, 

P, (Vib) =P, (V.—b), 
the value of b must be determined. 

As a first approximation, the dry weight of the cells was 
obtained in the following way. About 1 em? of cells were cen- 
trifuged in an air turbine at 11,000 * g for 20 minutes. The 
excess plasma was removed and the centrifuge tubes and cells 
were weighed. The tubes were then placed in a hot air oven 
at 110°C. until constant weight was attained. Hematocrit de- 
terminations indicated that at least 98% packing was obtained 
(due to the difference in weights of the two centrifuge heads, 
the hematocrits were spun at 25,000 X g). Applying a 2% 
correction, the amount of water in these cells was 64.5% by 
weight. This is not very different from the figure obtained 
by Erickson et al. (’38) of 67%. 

To determine whether or not all of the cell water was act- 
ing as a solvent, the distribution method employed by other 
investigators (see, for example, Parpart and Shull, ’35) was 
used. In these experiments a suspension of erythrocytes was 
added to a solution of 0.3 M ethylene glycol in Ringer Locke 
and sufficient time was allowed for diffusion equilibrium to be 
established. The amount of glycol before and after equilib- 
ration with the cells was determined using an electrometric 
technique. Excess dichromate in a strong acid solution re- 
acted with the glycol and the excess was titrated with fer- 
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rous ion. A correction was applied to the initial glycol solu- 
tion for oxidizable material in the Ringer Locke and to the 
equilibrium glycol value for oxidizable material diffusing from 
the cells. This latter correction was based on a titration of 
a 4th washing of cells in Ringer Locke prior to equilibration 
in the glycol solution. The values obtained by this method for 
the amount of solvent water in the cells varied from 82-93% 


v 


1,0 


VOLUME 


0.6 


00 04 0.8 Le. 1.6 
RECIPROCAL OF TONICITY 


Fig. 3 The relationship between tonicity and volume of chicken erythrocytes as 
determined by hematocrit measurements (circles and rectangles) and by photo- 
electric measurements (triangles). Solid straight line is caleulated curve using a 
b value = 0.355; broken line — b = 0.439. 


with an average value of 87% of the total cell water as sol- 
vent water. This indicates that approximately all of the cell 
water is acting as a solvent for ethylene glycol which would 
suggest that the value for b equal to the dry weight might be 
a reasonable one. 

To determine whether or not these cells behaved as perfect 
osmometers when placed in a series of salt solutions, hemato- 
crit determinations were made. Equal volumes of cells and 
various dilutions of 10 & Ringer Locke were mixed (at 37°C. 
in some cases and at room temperature in others without any 
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eross differences) and hematocrits were run in the air tur- 
bine as before. The results are shown in figure 3. The solid 
straight line was obtained by calculating theoretical volumes 
as follows: Using 0.355 ‘as the valueof b; P;==1; and=V7-— 
1; P; was determined by assuming that the total aqueous vol- 
ume of the system at any time was 1.645 (1 cm? of salt solu- 
tion plus 0.645 em? of water in 1 em’ of cells). The total amount 
of osmotically active material (remembering that the 0.645 em? 
of cell water had 0.645 units of osmotically active material) 
was 0.645 (contributed by the cell) plus » (where =the 
strength of the salt solution in terms of Ringer Locke = 1). 
Thus, when equal volumes of cells and 2 & Ringer Locke were 
mixed the equation 


Pa Ga —b)) = OV) eo 


became 1(1 — 0.355) =25*? (V, — 0.355) 


V. = 0.756. 

The broken straight line was calculated assuming a b value 
equal to 0.489 which corrects for 8.4% of the total cell being 
bound water. The open circles in figure 3 represent the av- 
erage values of the experimental points. As a further check 
an additional series of experiments was run under slightly 
different experimental conditions designed to reduce the ex- 
perimental error. These results are shown as rectangles in 
figure 3. Since there is considerable error resulting from the 
slowness of drainage when packed cells are pipetted, a small 
amount of plasma was left with the cells after the blood was 
initially centrifuged. Equal volumes of this cell suspension 

* Ponder’s equation (1) (’50) can be derived from this expression by assuming 


that R = 1 and remembering that: (V,— b) = W, the water in the cell initially; 


the ratio of the volume of the surrounding medium to the volume of cell water = 
1 

0.645 

of the tonicity of the salt solutions used to blood plasma 


Locke T = 2 ete. Then — P; (V;— b) =P, (V2— b) 


=a; P,=1; V.=V in Ponder’s equation; and Ponder’s T = the ratio 


i.e. for 2X Ringer 
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and salt solutions were mixed. Hematocrits run on the mix- 
ture of cells and Ringer Locke gave a value for the plasma 
which was left with the cells initially and the calculations were 
corrected for this. In 4x Ringer Locke clumps of cells 
formed which made accurate measurements impossible and 
in 10 & Ringer Locke all the cells formed a large sticky mass. 
Forms similar to those observed by Furchgott (’40) were seen 
in some cases.° 

These hematocrit data suggest that in the hypotonic range 
studied and possibly in slightly hypertonic solutions the cells 
were acting as perfect osmometers. In more hypertonic solu- 
tions, however, the volume changes were less than what would 
be predicted on the basis of the van’t Hoff-Mariotte law. 

This problem of the behavior of erythrocytes in solutions 
of various tonicities has been studied extensively. For the 
most part, mammalian erythrocytes have been used and so 
the present data are not directly comparable with those of 
other workers. T'wo recent papers, however, might be men- 
tioned. Ponder (’50) measured the volumes of human erythro- 
eytes in markedly hypotonic solutions and found good agree- 
ment with the van’t Hoff-Mariotte law, assuming an R value 
of 0.9, in solutions which caused little or no hemolysis. In 
more hypotonic solutions in which hemolysis occurred, there 
was marked deviation from the law. @rskov (’46) also using 
human blood, found good agreement with the van’t Hoff- 
Mariotte law in hypotonic solutions but in hypertonic solu- 
tions 15-20% of the cell water acted as if it were ‘‘bound.’’ 
He suggested that perhaps ‘‘The salts of the watery phase of 
the cell exert an augmented osmotic pressure when the hemo- 
‘globin concentration is augmented.”’ 

*In one experiment, for example, the hematocrit of cells in Ringer Locke was 
0.280. Thus, 0.280 em* of cells plus 0.220 em* of Ringer Locke plus 0.5 em* of 


concentrated Ringer Locke solutions were mixed. For 2 * Ringer Locke the cal- 


culation becomes: 
_(2) (0.5) + (1) (0.22) + (1) (0.28) (0.645) 
RS ol de 0.5 +0.22+ (0.28) (0.645) Sao 3) 


V2 = 0.733. 


5 The author is indebted to Mr. Alvin Feldzamen for making this second series 
of measurements and for making the solvent water determinations. 


396 F. R. HUNTER 


The present data indicate that chicken erythrocytes, like 
human erythrocytes, behave as perfect osmometers in slightly 
hypotonic and slightly hypertonic solutions but in markedly 
hypertonic solutions they shrink less than would be expected 
if they were behaving as perfect osmometers. In very hyper- 
tonic solutions a marked change in the cells occurs which 
results in their sticking together. 

The next point to be investigated was the relationship be- 
tween the galvanometer deflections of the apparatus and the 
volume changes of the cells. Most workers in this field ad- 
just their experimental conditions so that a linear relation- 
ship exists between these two variables. To test this point, 
aliquots of a cell suspension (either cells alone or cells in 
Ringer Locke) were added to 10 cm? of a salt solution in the 
apparatus and a record taken of the galvanometer deflection. 
These data are also included in figure 3. The open triangles 
are average values determined by letting the photograph ob- 
tained using Ringer Locke be the origin and measuring on 
the records obtained with the other salt solutions the dis- 
tance above or below this point. It can be seen that there 
is close correlation between volume changes and galvanometer 
deflections. If the concentration of cells is changed, the amount 
of light and hence the absolute deflection of the galvanometer 
will be altered and a different scale will have to be used for 
the right hand ordinates in the figure. The proportional de- 
flections, however, will be essentially the same over the con- 
centration range used in this laboratory. 

Another point to be analyzed concerns the behavior of the 
cells when a non-electrolyte diffuses from the cells into solu- 
tions of different tonicities. With a series of curves such as 
those shown in figure 1, at least three values could be com- 
pared with the theoretical. One might expect that the equi- 
librium volumes could be plotted against a theoretical curve 
such as was done in figure 3. It can readily be seen in figure 
1, however, that these equilibrium values do not progress in 
a regular series. Differences in the number of cells in the 
initial aliquots or slight hemolysis can account for these dis- 
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erepancies. Another point of comparison might be the vol- 
umes immediately after water had first entered the cells as 
a consequence of the initial osmotic inequality between the 
cells and their environment. As can be seen from the records, 
however, this portion of the curve (the first 15 seconds) can- 
not be measured very accurately. Consequently it was decided 
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Fig. 4 The relationship between tonicity and volume changes of chicken 
erythrocytes. For details see text. 


to compare the total volume changes in the various salt solu- 
tions. Such a comparison is made in figure 4. Once again, 
the solid lines are calculated. In order to do this it was as- 
sumed that the initial entrance of water occurred before any 
glycerol left the cells. Since glycerol leaves the cells quite 
slowly in relation to the rate at which water enters, this as- 
sumption will introduce only a slight error. In this case P, 
had to be determined for it will be remembered that an equal 
volume of cells and of 0.8M (or 0.6M) glycerol in Ringer 
Locke had been equilibrated. As was true with the hemato- 
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crit determinations, the total volume of water in the system 
is 1.645 em? (1 em® from the solution and 0.645 em* from the 
cells). At equilibrium in this solution the concentration of 
elycerol was 


ae = 0.182 M (with 0.38 M glycerol) and 0.365 M (with 0.6 M glycerol). 


To convert these to osmotically equivalent units (the initial 
osmotic pressure of the cell—1~ 0.3 M glycerol) we divide 
by 0.8, obtaining 0.61 and 1.22 respectively. For cells which 
were equilibrated in 0.8 M glycerol in Ringer Locke and were 
then placed in 2 & Ringer Locke (considering the volume to 


be infinite) the calculation becomes: 
1.61 (1 — 0.355) =2 (V,— 0.355) 
V. = 0.875. 


At equilibrium in the salt solution we can use the value pre- 
viously calculated for figure 3 which was obtained by assum- 
ing the external volume was infinite. Under these conditions, 
all of the glycerol will diffuse from the cells and exert no 
osmotic effect since it will be infinitely diluted. Thus AV for 
this case is 0.875 — 0.677 = 0.198. 

It should be remembered, however, that at equilibrium the 
volumes of the cells in solutions more concentrated than Ringer 
Locke will be less than 1. This means that in all cases shown 
in figure 4 the cells are undergoing volume changes in a range 
where the hematocrit determinations showed that observed 
volumes were greater than theoretical. 

In an attempt to correct for this, two theoretical curves are 
shown for each glycerol solution (0.6 M above, 0.3 M below). 
The upper member of each pair of curves was calculated using 
a value of b 0.555. This value was arbitrarily obtained by 
drawing a straight line through the experimental points in 
the slightly hypertonic range in figure 3 and determining the 
value of b from the intercept. Although Mrskov’s suggestion 
mentioned previously might result in an increasing value of 
b as the cells were placed in more and more hypertonic solu- 
tions, and although the experimental points in figure 3 do 
seem to depart more and more from the theoretical curve, 
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an approximation can be made by assuming a constant but 
larger value of b for tonicities of 2 & to 1.25 & Ringer Locke. 
The lower member of each pair of curves was plotted by using 
the volumes indicated by the triangles in figure 3 and cor- 
recting the curves as calculated above for the difference be- 
tween the observed and calculated volumes as shown in fig- 
ure 3. 

With the data plotted in this fashion, it can be concluded 
that unless hemolysis occurs, there is a linear relationship 


TABLE 1 


Measurements to indicate the reproducibility of the swelling technique 


TIME IN SECONDS T0 50% DEFLECTION 


CELLS SHRUNK 


(x R. L.) Cells equilibrated Cells equilibrated 

in 0.3 M glycerol in 0.6 M glycerol 

in R. L. in R. L. 

2 30 30 45 60 35 35 45 
1.875 45 45 
iby) 35 30 30 45 45 45 < 45 
1.625 40 45 > 45 45 45 < 45 
1.5 > 40 < 45 45 < 60 45 < 60 45 
1.25 > 40 45 45 60 < 60 <a. 5 > 45 
1 > 40 45 60 S75 “> 75 > 45 
0.875 > 45 60 
0.75 60 > 60 75 
0.625 75 
0.5 00 


between galvanometer deflections and volume changes such 
as those shown in figure 1. 

In order to have some basis for comparing shrinking data, 
measurements were made of several series of curves such as 
those shown in figure 1 and the times required for one-half 
the total deflection (cf. Dziemian, ’39) are listed in table 1. 
If one compares the figures in any horizontal column it can 
be seen that in most instances from day to day using differ- 
ent samples of blood, highly reproducible values can be ob- 
tained. (Since measurements were made at 15 second inter- 
vals, differences in time less than this must be read from the 
curves by interpolation.) A comparison of the times in any 
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vertical column shows in general an increase as the volume 
changes of the cells increase. A similar comparison can be 
made between horizontal columns under 0.3 M and 0.6 M glye- 
erol in Ringer Locke. 


We Ny 
\ Visi Niu Wein 


25° ETHYLENE GLYCOL 37° 


25° GLYCEROL 37° 


Fig. 5 The rate of shrinking in 1.625 X Ringer Locke of chicken erythrocytes 
equilibrated in 0.6 M ethylene glycol in Ringer Locke and 0.6 M glycerol in Ringer 
Locke at 25° and 37°C. 


As a final test of the shrinking method, measurements were 
made at 25°C as well as at 387°C. Lowering the temperature 
should decrease the rate of penetration (or exit) of molecules, 
particularly those which do not penetrate too rapidly. It can 
be seen in figure 5 that the rate of shrinking in 1.625 & Ringer 
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Locke of cells previously equilibrated in 0.6 M glycerol in 
Ringer Locke is much slower at 25°C. than at 37°C. The 
times for one-half the total deflection in two experiments were 
40 and < 40 seconds at 37° and 60 and < 75 seconds at 25°C. 
HKven in the case of ethylene glycol which leaves the cells very 
rapidly there is a decrease in rate at the lower temperature. 
This can most clearly be seen by comparing the amount the 
galvanometer moves during each second in the two cases. 


III 


In light of the preceding analysis and in view of the recent 
experience in this laboratory, most of which is unpublished, 
the following methods of analyzing for changes in erythro- 
cytes have become accepted. The rate of hemolysis in an isos- 
motic solution of a penetrating non-electrolyte is not always 
a reliable indication of a change in permeability as has been 
pointed out by other investigators. Exposure to various bac- 
terial toxins, for example, may decrease the time for hemoly- 
sis in glycerol very noticeably without altering the rate of 
swelling or shrinking. Such a change can frequently be cor- 
related with an increase in fragility rather than an increase 
in permeability. Fragility measurements are made by placing 
aliquots of the erythrocyte suspensions in a series of tubes 
containing a decreasing amount of NaCl (1% to 0% in steps 
of 0.1% usually) or by using the method described by Par- 
part et al. (747). The contents of these tubes can then be 
placed one by one in the permeability apparatus and a record 
of the galvanometer deflection made, or the tubes can be cen- 
trifuged and the amount of hemoglobin in the supernatant 
fluid measured spectrophotometrically. In most cases the lat- 
ter technique is preferable for measuring per cents of hemoly- 
sis less than 50%. 

Swelling measurements obtained by placing cells in 0.5 M 
non-electrolyte in Ringer Locke are also sometimes difficult 
to interpret. In the experiments which have been carried out 
during the past few years in this laboratory the most notice- 
able change in swelling curves has been an increase in the de- 
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flection of the galvanometer. As has previously been reported 
(Hunter, 49b) this increase in deflection may be many fold 
or it may be slight. In general, the greater the deflection, the 
more rapid is the deflection. Since some hemolysis is involved 
in these changes, such measurements give no clear cut indica- 
tion of a permeability change. Such an increase in amount 
of galvanometer deflection has been referred to in the past 
as a ‘‘fragility’’ change. The quotation marks have been used 
to indicate that a series of measurements other than those in- 
volving the usual series of salt solutions has indicated the 
change. In many experiments an increase in fragility as meas- 
ured in the usual manner is paralleled by an increase in ‘‘fra- 
eility’’ as indicated by swelling measurements. However, in 
some cases a marked increase in fragility has been observed 
with little or no change in ‘‘fragility.’’ This suggests the 
possibility that these two changes may not be the same — 
quantitatively if not qualitatively. This being the case, in 
the future the term frailty will be used as a measure of the 
tendency of the cells to hemolyze following volume changes 
in a solution which at equilibrium would be expected to be 
isosmotic. Although it is undesirable to add new terms to an 
already overburdened literature, this term, frailty, will be 
very useful since it will be associated with a particular kind 
of measurement that is quite different from fragility meas- 
urements. The work of various investigators suggests that 
changes in fragility and possibly in frailty are assocated with 
shifts in the amount of cations within the cells. 

In previous publications (Hunter, ’49b, for example) the 
values of per cent hemolysis which were given as an indica- 
tion of frailty changes were too high because they were un- 
corrected for hemolysis which had occurred in the stock sus- 
pension prior to making the frailty measurements. Although 
it would seem to be a simple matter to determine this he- 
molysis in the stock suspension, several difficulties exist. The 
most direct approach would be to centrifuge the stock sus- 
pensions and determine the amount of hemoglobin in the su- 
pernatant fluid. But when there was any appreciable hemoly- 
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sis this method always gave low values for the obvious reason 
that the volume of fluid outside the cells was small and con- 
sequently after the hemoglobin had diffused to equilibrium 
there was still considerable hemoglobin left in the hemolyzed 
cells. When a small aliquot of these stock cells were placed 
in a relatively large volume (10 cm', for example) the rest 
of the hemoglobin diffused out of the hemolyzed cells imme- 
diately. 

Another method would be to transfer an aliquot of the stock 
to 10 em* of some solution and determine the amount of he- 
molysis but the choice of the suspending solution is important. 
In some instances the cells were sufficiently fragile so that 
when they were placed in Ringer Locke not only did the hemo- 
globin diffuse out of the cells which had hemolyzed in the 
stock but apparently additional cells hemolyzed. As might 
have been expected on the basis of an increase in frailty, some 
additional cells hemolyzed when placed in 0.3 M eycerol in 
Ringer Locke. The least hemolysis in many cases was ob- 
served when the cells were placed in 2 & Ringer Locke. Con- 
sequently, this solution will be used in the future to correct 
the frailty readings. 

Shrinking measurements should indicate whether or not 
the permeability of the cells has changed. In general, equi- 
librating cells in 0.6 M glycerol in Ringer Locke and measur- 
ing the shrinking in 1.5 or 1.75 & Ringer Locke should give 
the most satsfactory results. An indication of a fragility 
change can be gotten by determining the amount of hemoly- 
sis which occurs when the cells shrink in less hypertonic solu- 
tions. Presumably the hemolysis would occur when the cells 
swell initially prior to their shrinking. An increase in he- 
molysis under these circumstances should parallel an increase 
in hemolysis in ordinary fragility measurements. 


SUMMARY 


1. The dry weight of chicken erythrocytes is 35.5% of the 
total weight of the cells. 
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2. Measurements of solvent water in these cells indicate 
that 82 to 93% of the cell water acts as a solvent for ethylene 
glycol. 

3. In slightly hypotonic and in slightly hypertonic salt so- 
lutions, chicken erythrocytes behave as perfect osmometers. 
In markedly hypertonic solutions these cells shrink less than 
would be predicted from van’t Hoff-Mariotte’s law. 

4. Using a photoelectric apparatus, there is an approxi- 
mately linear agreement between galvanometer deflection and 


volume change. 
5. The term frailty is introduced to designate the tendency 


of erythrocytes to hemolyze following volume changes in a 
solution which at equilibrium should be isosmotic. 
6. An analysis was made of various methods used to study 


the osmotic behavior of chicken erythrocytes. In general: 

(a) A decrease in hemolysis times frequently is associated 
with an increase in fragility. 

(b) Swelling measurements indicate an increase in frailty 
when the galvanometer deflection increases. 

(ce) Shrinking measurements appear to give a method for 
measuring changes in permeability. It is reeommended 
that cells be equilibrated in 0.6M non-electrolyte in 
Ringer Locke and then the shrinking be measured in 
1.5-1.75 & Ringer Locke. 
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THE ADSORPTION OF OXYGEN FROM 
BUFFER SOLUTIONS BY CELLS 
OF ESCHERICHIA COLI B/r! 


M. LAURANCE MORSE,? ARTHUR W. BURKE, JR.,’ 
AND WILLIAM T. BURNETT, JR. 


Biology Division, Oak Ridge National Laboratory, 
Oak Ridge, Tenn. 


TWO FIGURES 


Hollaender, Stapleton and Martin (’51) have demonstrated 
that a reduction in the oxygen tension before x irradiation 
of suspensions of Escherichia coli B/x will increase the cell 
survival. Recently we have been examining the relationship 
of the cell survival of. x-irradiated suspensions of EH. coli to 
oxygen concentration (Burnett et al. ’51, 52). Oxygen has 
been shown to affect the production of radiochemical products 
in aqueous systems (see e.g., Gray, ’51) and since the radi- 
cals which are formed in these reactions are probably toxic, 
the effect of oxygen on the cell survival of irradiated cell 
suspensions may depend upon localization of oxygen within 
or upon the bacterial cells. The possibility of a localization 
of oxygen affecting irradiated cell survival has led to a study 
of the ability of HL. coli to adsorb oxygen from phosphate 
buffer suspensions. 


EXPERIMENTAL METHODS AND RESULTS 


Cells of EH. coli B/r were cultured for 20-24 hours under 
aeration at 37°C. in 30-50 ml volumes of Difco nutrient broth 
(0.8% ) containing NaCl (0.5%), harvested by centrifugation, 


1 Work performed under Contract No. W-7405-Eng-26 for the Atomic Energy 
Commission. 

* Present address: Department of Genetics, University of Wisconsin, Madison 6, 
Wisconsin. 

* Present address: St. Louis University, Institute of Biophysics, St. Louis, Mo. 
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washed once in M/15 phosphate buffer (pH 6.8), and resus- 
pended in 1/20 to 1/30 original culture volume in M/15 phos- 
phate buffer, which effected a 500-fold dilution in broth 


concentration. 


TABLE 1 


The association of oxygen with cells of EB. coli B/r at various oxygen concentrations 
of the suspending medium (2°C,) 


OXYGEN CONCENTRATION 


OF BUFFER OXYGEN ASSOCIATED 
EXPERIMENT —— ; CELL TITER WITH CELLS 
Initial 2 Equilibrium 2 X/N 
mg/l ~ mg/l * 10° cells/ml x 10-4 mg/cell 
1 2.1 1:3 6.7 1.2 
3 2.3 1.5 5.7 1.4 
3 3.2 1 be | 0.4 
2 4.6 3.2 6.4 2.2 
3 5.3 3.2 5.7 3.7 
3 7.0 4.9 5.7 3.7, 
2 7.6 5.8 6.4 2.8 
2 10.0 8.0 6.4 ook 
4 12.0 10.5 4.8 3.1 
3 12.3 10.0 5.7 4.0 
i 12.4 9.3 6.7 4.6 
2 12.4 9.8 6.4 4.1 
3 23.8 20.0 5.7 6.7 ° 
} 23.9 20.9 6.7 4.5 
2 24.6 22.0 6.4 4.1 
4 24.1 22.3 4.8 EAE 
2 32.0 29.4 6.4 4.1 
| 50.0 46.2 6.7 BN ig 


‘Before addition of cells. 

* Immediately after sedimentation of cells (volume corrected for loss due to cell 
volume). 

"Not included in ealeulations in table 2. 


The concentrated cell suspensions were then deoxygenated 
by passing dry nitrogen (99.996%, Linde) through them for 
30-60 minutes at ice-bath temperature (2°C.). Solutions of 
different oxygen concentrations were prepared by passing 
oxygen-nitrogen mixtures (from 220-cu. ft. gas cylinders) 
through 250-ml volumes of M/15 phosphate buffer at 2°C. 
The aerations were made in 500-ml gas washing bottles pro- 
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vided with a ground glass stoppered side arm through which 
samples could be easily removed with a pipette. 

Kqual volumes of a buffer containing dissolved oxygen were 
added to each of two centrifuge tubes in an ice bath. A meas- 
ured quantity of a deoxygenated cell suspension was then 
added to one of the tubes and the contents of both tubes 
layered with mineral oil and held in an ice bath (2°C.) for 
a given period of time. The number of cells added to the 
centrifuge tube was determined from platings (on nutrient 
agar) of a countable dilution of the nitrogen aerated cell 
suspension. After the holding period (20-80 minutes), the 
tubes were spun in a refrigerated centrifuge (1°-8°C.) for 
20-30 minutes. The clear, cell-free supernatant (< 1% origi- 
nal cell titer) from the tube of sedimented cells and the buffer 
from the control tube were transferred under oil to beakers, 
and the oxygen content of each determined by the Sehutzen- 
berger method (Scott, 739). 

The oxygen concentration of the buffers (2-50 mg/liter) 
was lowered in every case by the addition of the bacterial 
cells (table 1). The difference between the oxygen concen- 
trations of the buffer which had contained suspended cells 
and the buffer control, without cells, is attributed to oxygen 
which had become associated with the cells. 

In occasional tests the sedimented cells were resuspended 
in oxygen-free buffer under oil and the suspension titrated 
for oxygen. The value of the oxygen concentration was the 
same as the difference in the oxygen concentration between 
the buffer from which the cells had been sedimented and the 
control buffer, within the limits of the titration method. In 
experiment 5 the cells were resuspended in their original 
buffer following titration of the buffer with sodium hydro- 
sulfite and sufficient hydrosulfite was added to complete the 
titration for oxygen. Table 2 shows the results of the ex- 
periment. Since the precision of methods under our experi- 
mental conditions limits the reliability of the values of 
cell-associated oxygen for low cell titers, even at a buffer 
oxygen concentration of 9mg/l, we did not investigate fur- 
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ther the variation of cell-associated oxygen concentration with 
respect to various cell titers. 

The concentration of oxygen associated with the cells is a 
function of the equilibrium concentration of the buffer oxygen 


TABLE 2 


The association of oxygen with cells of BE. coli, B/r at various cell titers (2°C.) 


CELL TITER (cells/ml) 6.4 x 10° 1.6 x 10° 0.8 x 10° 


Oxygen concentration (mg/1) 
A. Buffer control 8.9 9.3 9.3 
B. Supernatant and cells 
resuspended in super- 


natant : 8.9 9.9 9.3 
C. Supernatant 19 9.3 8.9 
Oxygen associated with cells 
(mg/cell) 
Procedure 1: A-C 1.0 0.0 0.4 7 
Procedure 2: B-C 1.0 0.6 0.4 
Oxygen associated with cells 1.6 xX LOPS eS eae 6.0 2¢, 103% 
(ng/cell) 


*The absolute number of cells used was 6 X 10”. The oxygen associated with 
these cells required only a net volume of 0.1 m1 of our standard sodium hydro- 
sulfite solution. Thus the precision in this case was low due to errors in the 
burrette readings. 


(fig. 1). Langmuir (716, 717, ’18) has characterized the ad- 
sorption of gases and liquids on the surfaces of liquids and 
solids by a similar curve. Plots (fig. 2), according to the 
Langmuir adsorption Isotherm,* 


where 

p = oxygen pressure 

q = amount of oxygen adsorbed per unit of surface 

k, and k, are constants of the system (Langmuir, 

718, p. 1384; Glasstone, ’46, p. 1199), 
indicate that this function is applicable to our data. Table 3 
gives the constants, k, and k., for 4 experiments, calculated 
from the data within the range of oxygen concentration of 
5 


1 and 30 mg/liter. 
* Here we take the simpler form of the adsorption isotherm which applies only 


to adsorption of monomolecular layers, rather than the more elaborate general 
equations developed by Langmuir (732). “¥ 
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The adsorption of oxygen by cells of H. coli B/r, at 2°C. 
7d Ni Y law | b 


is approximated from the weighted averages of the values 
in table 3 by 


ee cel Sgn OC 
N 1.00 + 0.278 C 
where 
X = quantity of oxygen adsorbed in mg. 
N = number of cells 
© = equilibrium concentration of buffer oxygen in mg/liter. 
° 
o 
oa 
o 
E 
9 
' 
° 


(e) 10 20 30 
mg/liter 


Fig. 1 Oxygen associated with cells as a function of equilibrium oxygen con- 
centration of buffer, 
Data of experiment 2: cell titer of experimental tubes = 6.4 10° cells/ml, each 
tube containing 75 ml of buffer; tubes held in ice bath for 380 minutes, centri- 
fuged (4000 r.p.m.) at 2°C. for 20 minutes. 


The cells which were noncolony forming, but which probably 
adsorbed oxygen, are not taken into consideration in this 
approximation. 
The adsorption of oxygen by HE. coli, at 2°C. for values 
5 , 
of C <1meg/liter or > 30 mg/liter does not conform to the 
Langmuir Adsorption Isotherm under our experimental con- 
5 Visible colonies were formed by 74-94% of the cells. A numerical average of 
24 determinations (total count made with Petroff-Hauser bacteria counting cell) 
for 7 cultures was 84%. Less than 1% of the cells were clumped. Hegarty and 


Weeks (’40) have shown that exposure of /. coli (from stationary phase of growth) 
to 2°C, may kill 10-15% of the cells. 


ie) 10 20 30 
C (mg/liter) 
Fig. 2. Plot of data from 4 experiments, according to Langmuir Adsorption 
Cc 1 Cc 
Isotherm of the form TS ik fe k, 


where 
C is the equilibrium concentration of oxygen (buffer) ; 


X/N, adsorbed oxygen/cell; 
il 1 F 
k,, k,, are constants, [ (Gee) is the intercept, Ge) is the slope of the line. 
1*2 2 
Symbols: © = Experiment 1 @ = Experiment 2 
A = Experiment 3 A = Experiment 4 


TABLE 3 


The adsorption of oxygen by E. coli B/r at 2°C. Constants according 
to Langmuir Adsorption Isotherm 


EXPERIMENT NO. OF POINTS k, 1 kgt 
1 3 0.359 5.26 <0 
2 6 0.277 £76 LOT 
3 5 0.255 320) elon 
4 2 0.230 4.35 <-10-* 
Weighted average* k, = 0.278; k, = 4.38 & 10™ 


eke ae Oae 


1 1 OSs. 
1 Slope (=) and intercept (x) calculated by the method of least squares in 
2 1"2 


experiments 1, 2, 3; by analytical formulas in experiment 4. 
*Numerical average of constants, weighted by the number of points in each 


experiment. 
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ditions. Although the system is not a ‘‘closed’’ one, the slow 
rate of oxygen diffusion through the layers of mineral oil 
does not appreciably affect the results in the intermediate 
range of oxygen concentration. However, diffusion of oxygen 
in mineral oil introduces an error at very low concentrations 
of oxygen. Further, the cell suspensions were deoxygenated 
by bubbling with nitrogen. Nitrogen aeration is less efficient 
than removal of oxygen from buffer solutions by certain 
chemicals (Burnett et al. ’52). A residual adsorption of 
oxygen would skew the adsorption isotherm at low values 
of C. Also, the error in titration of oxygen by the Schutzen- 
berger method is a limiting factor at values of C less than 
1 mg/liter. 

At C>13meg/liter (equilibrium concentration of oxygen 
in phosphate buffer with air at 2°C.), diffusion of oxygen 
through the mineral oil layer is out of, rather than into, the 
system. Also, it may be possible that oxygen is adsorbed by 
FE. coli B/r in multimolecular layers at large values of C. The 
adsorption isotherm of the form used here would not apply 
to a multimolecular adsorption (Brunauer, 743; Glasstone, 
46). 

DISCUSSION 

A simple calculation shows that an FL. coli B/r cell adsorbs 
7.8 x 10° molecules of oxygen.® Therefore, the number of 

®° Microscopie observations indicated that the dimensions of the average cell are 
2.5 x 0.5 & 0.5 w, and since the cell may be considered as a right circular cylinder 
capped by two hemispheres, the surface area would be 

total area of cell = area of right circular cylinder + area of sphere 
A =a Dh + r D? 
='3.92" 10>°sq. em. 
It has been caleulated (Langmuir, 718, p. 1391) that the number of molecules of 
oxygen which would be adsorbed onto a plane surface (solid) as a monomolecular 
layer is 0.77 X 10 molecules/sq. em of surface. Therefore, if we assume the 
bacterial surface is ‘‘smooth,’’ there would be 
(3.92 X 10-* sq. em/cell) X (0.77 X 10-* molecules/sq. em) 
= 3.02 & 10° molecules of oxygen/cell. 

The actual number of oxygen molecules adsorbed at saturation by a cell (experi- 


ment 2 taken as typical, fig. 1) is 


6.06 10* molecules 
(41 x AG? ng /esll) ror = al ) x (10-* g/mg) 


= 7.76 X 10° molecules of oxygen/cell. 
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molecules of oxygen adsorbed per cell, as estimated, repre- 
sents 26% of the maximum number of molecules calculated 
to cover the cell wall as a monomolecular liquid layer (3.0 x 
107 molecules/cell). Langmuir (718, p. 1391) found that the 
number of adsorbed molecules of carbon monoxide, argon, 
oxygen, methane, and nitrogen on glass or mica is many times 
less than the number of molecules calculated to cover com- 
pletely the adsorbing surface. Oxygen was the least adsorbed 
of these gases, and the number of oxygen molecules actually 
adsorbed (at 90°K.) on glass and mica was 14 and 11% of 
the maximum number of molecules calculated, respectively, 
to cover the measured surfaces as monomolecular liquid 
layers. 

It is not unlikely that some oxygen diffuses into the bac- 
terial cell and is adsorbed on surfaces inside the cell. Then, 
there would be: oxygen dissolved in the buffer-cell environs, 
oxygen adsorbed on the cell walls, oxygen dissolved inside 
the cells, and oxygen adsorbed on surfaces inside the cells. 
The oxygen adsorbed inside the cell would probably be dis- 
tributed throughout the cell, depending upon the availability 
of adsorbing surfaces. To compare the amounts of dissolved 
and adsorbed oxygen per cell, we may assume that oxygen 
is dissolved throughout the entire volume of the cell and in 
equilibrium with the buffer oxygen, and that the solubility 
of oxygen is the same in buffer and cell. There would then be, 
at saturation of adsorption, 1.1 x 10° molecules of dissolved 
oxygen/cell,? as compared with 7.8 « 10° molecules of ad- 


* Volume of the cell = volume of a right circular cylinder + volume of the two 
hemispheres 
V = or’h + 4/301? 
= 0.458 p*. 
At saturation of adsorption the oxygen concentration of the buffer (experiment 2 
taken as typical) is 


6 23 
(18 mg/liter) 30ers 


32 g X (10 ml/u*) X (107 liter/m]l) 
x (10% g/mg) = 2.46 & 10° molecules of oxygen/p* 
Therefore the dissolved oxygen concentration per cell is 
(2.46 & 10° molecules/z*) & (0.458 u*/cell) 
= 1.13 X 10° molecules/cell. 
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sorbed oxygen/cell. Hence, there is at least 70 times as much 
adsorbed as there is dissolved oxygen per cell at saturation 
of adsorption. Assuming that there is no diffusion of oxygen 
into the cell, the concentration of adsorbed oxygen on the cell 
surface is still much higher than the concentration of oxygen 
dissolved in the buffer environs. 

The specific surface of oxygen adsorbent in F. coli B/r at 
2°C. (caleulated at saturation of adsorption of a monomolecu- 
lar liquid layer) is 1.0 K 10~* sq. em/cell, or 2.0 sq. m/g of 
cells.6 The specific surface of nitrogen adsorbent for cells 
of Azotobacter, a free living, nitrogen-fixing soil organism, 
has been calculated to be 3.4 sq. m/g (Brunauer and Emmett, 
37; Lineweaver, ’38). The specific surface of adsorption of 
oxygen for cells of EF. coli B/r is thus the same order of mag- 
nitude as the specific surface of nitrogen adsorption for cells 
of Azotobacter.® 

Oxygen has been shown to affect the production of radio- 
chemical products in aqueous systems (see, e.g., Gray, 751). 
If the H radical produced by the net ionization of irradiated 
water, H,O“> H+ OH, combines with molecular oxygen, 
the highly reactive HO, radical is formed: H+ 0, — HO, 
(Weiss, 44). The localization with respect to ‘‘vital targets,’’ 
of the oxygen which enters into the formation of the HO, 
radical thus appears to be critical. Our calculations indicate 


* The specific surface area of adsorption is 
7.76 X 10° molecules of adsorbed oxygen/cell 
0.77 X 10* molecules of oxygen/sq. em 
= 10.0 X 10 sq. m/cell = 1 X 10* sq. em/cell. 
Volume of cell = 4.58 & 10 ce, 
specific gravity of cell = 1.1 g/ee, and 
therefore weight of cells = 1.1 g/ce X 4.58 & 10-” ce/cell 
= 5.0 X 10 g/cell. 
The specific surface area of oxygen adsorption per gram of cells is 
10.0 & 10-* sq. m/eell 
5.0 X 107 g/cell 
= 2.0 sq. m/g of cells. 
® Attention is called here to the experiments of W. Hene (see Brunauer, 743, pp. 
11-12) which indicate that oxygen and nitrogen are adsorbed on charcoal at 15°C. 
in approximately equal volumes (at low pressures, Brunauer, ibid., p. 287). The 
adsorption potentials of charcoal for oxygen and nitrogen are nearly the same, 
i.e., 4450 and 4320 eal., respectively (Brunauer, ibid., p. 111). 


xX (10 sq. m/sq. em) 
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that, on the basis of relative concentrations alone, adsorbed 
oxygen is more critical than dissolved oxygen in determining 
the characteristics of the x-ray inactivation of cells as a 
function of oxygen tension. A paper is now in preparation 
on the role of oxygen in the x-ray inactivation of FE. coli B/r 
cells in phosphate buffer suspensions. 

It is not likely, at 275°K., that the adsorption measured in 
these experiments is sieinin of the van der Waals type. The 
reversibility of the adsorption indicates, however, that oxygen 
adsorption at 2°C. by FE coli B/r is not the chemisorption 
measured in nonliving systems. The nature and location of 
the oxygen-adsorbing surfaces of the bacterium cannot be 
deduced from these experiments, but the surface of any mem- 
brane, enzyme, or molecule whose primary and secondary 
valence forces permit, the adsorption of oxygen must be con- 
sidered potential sites of oxygen adsorption. 


SUMMARY 
Cells of the bacterium, Escherichia coli B/r, aerobically 
cultured and suspended in phosphate buffer at 2°C. adsorb 
dissolved oxygen from the buffer in agreement with the ap- 


proximation 
1.22 x 10" © 


adsorbed oxygen, mg/cell = 1.00 + 0.2786 
where C = ven in the 
buffer, (mg/liter) within the limits of 1 and 30 mg/liter. The 
nature of this oxygen adsorption is discussed, and the probable 
role of oxygen adsorption in the x-ray inactivation of cells is 


suggested. 
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TRUNK BY POTASSIUM, SODIUM, 
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FIVE FIGURES 


INTRODUCTION 

Bioelectrical changes induced in frog nerve by a large va- 
riety of experimental conditions recently have been demon- 
strated to be closely correlated with alterations in the dis- 
tribution of sodium and potassium ions (Shanes, ’51b, °52). 
Preliminary analysis of the kinetics of potassium movement, 
based on the epineurium (sheath) as the major diffusion bar- 
rier and on available data on sodium and chloride diffusibility 
(see also Fenn et al., ’34), while giving a satisfactory descrip- 
tion of the temporal characteristics of the electrical changes, 
predicts magnitudes which are too great (Shanes, ’52). 

The present study was undertaken to determine the ex- 
tent to which previous assumptions regarding the diffusion 
characteristics of the system are valid. The current contro- 
versy regarding this problem rests almost exclusively on in- 
direct evidence (see Lorente de N6, 752; and Crescitelli, ’51, 
for earlier references and discussion). The direct data to be 
presented indicate, in the light of more recent results to be 
presented in detail in a later communication, that the sheath 
controls the diffusion process in frog nerve in vitro. 

The results to be discussed suggest at least two extracel- 
lular phases contributing to the uptake or release of diffusible 
substances. From one diffusion is relatively rapid and com- 

419 
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pleted in 15 to 30 minutes. In the other, which constitutes the 
major fraction, diffusion occurs at a rate indicating a diffu- 
sion coefficient about 1/300 that in aqueous solution. 


METHODS 


General. The sciatic nerves of Rana pipiens and R. cates- 
biana were used exclusively. The experiments were concerned 
with the kineties of entry and exit, chiefly the latter because 
of the greater precision possible. Thus, a single nerve or set 
of nerves can supply complete data on ionic exchange or dif- 
fusion as a function of time; this is possible with the tech- 
nique previously described (Shanes, ’50a, 51a), whereby small 
quantities of medium, after equilibration of the nerves in ap- 
propriate solutions, are placed successively in contact with the 
tissues and then completely removed for analysis. The nerves 
are analyzed at the end of each series, thereby providing a 
check on the rates indicated by the media; moreover, addition 
of the figures from the media and nerves permits determina- 
tion of the initial nerve content as well as reconstruction of 
the curve of ‘‘average desaturation’’ for comparison with the 
theoretical curve derived for a homogeneous cylinder (Hill, 
728). 

The entire length of Rana pipiens nerve, from the plexus 
at the cord to the entry of the peroneal and tibial branches 
at the knee, was employed. However, in the majority of ex- 
periments, particularly with radioactive agents, only the 
short, uniform, unbranched segment of the R. catesbiana sci- 
atic proximal to the origin of the tibialis and peroneus was 
used. The nerves were loosely tied to glass rods, with which 
they were inserted into the 4 pyrex circulation units of the 
type employed in 1950. In conjunction with suitable reservoir 
units, small volumes of solution (ca. 1ml) could be placed 
in contact with the nerves, agitated continually by a stream 
of O, bubbles, and replaced at appropriate intervals with fresh 
solution. Care was taken to see that the nerves did not make 
contact with surfaces. Except for the beginning portion of 
each experiment, the collecting solutions were left in contact 
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with the nerves for intervals which increased by a factor of 
2. The final level of the particular diffusing agent being 
studied was about the same in each collection. Under these 
conditions the effect of the small rise in concentration in the 
medium on the diffusion rates was negligible. Thus, the 
greatest error occurred when three nerves — amounting to 
100 mg — were used. In the case of diffusion of 1/3 potas- 
sium Ringer’s from the nerves into Ringer’s, the external 
potassium concentration of 1.7 uM/ml changed 10-20%, which 
represents a reduction in the initial concentration difference, 
between extracellular spaces and medium, of only 1%. In the 
corresponding case for Cl** the count rate of the fluid in the 
extracellular space after equilibration was 140,000 counts / 
min. ml,' whereas the collected media samples seldom exceeded 
1000 counts/min. ml, an error in the concentration difference 
of less than 1%. For the slower diffusing sucrose this fac- 
tor was smaller. In the majority of experiments, where sin- 
ele uniform segments weighed 1/5 or less than in the above, 
the error was proportionately less still. 

Companion nerves frequently were analyzed before and 
after the equilibration times corresponding to the above ‘‘me- 
dia experiments.’’ Data so obtained provided a check on the 
latter. Tissue always was weighed before and after each new 
procedure. Where weight changes were small, the mean weight 
usually was employed; otherwise the initial weight served as 
the reference. Experimental procedures which caused appre- 
ciable weight changes were avoided in other than exploratory 
work since the significance of emission curves obtained under 
these conditions was uncertain. Thus, Ringer’s in which all 
the sodium is replaced by potassium, causes a substantial in- 
crease in weight (table 2). Desheathing causes a 40% in- 
crease in weight (Shanes, ’51b and 753) which is half complete 
within 20 minutes and is progressive thereafter; because of 
the instability of such preparations our research was re- 
stricted to intact nerve trunks. 


*Counts obtained with the flow counters, in which efficiency is 50% or better 
(see below). 
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For the studies of the exit of experimental agents, the 
nerves usually were equilibrated for 16 hours in oxygenated 
solutions containing the diffusible agent in suitable concentra- 
tion. This procedure provides a relatively stable preparation 
with respect to weight, potassium and sodium (Shanes, 52). 
Data are expressed relative to the weight at this time. Varia- 
bility of the data is given as the standard error for small sam- 
ples. Solutions were maintained at a pH of 7.2 with a small 
quantity of phosphate buffer and, unless otherwise indicated, 
were iso-osmotie with Ringer’s made up as previously de- 
scribed (Shanes, ’52). 

Potassium and sodium. Analyses were carried out with the 
Beckman no. 10300 flame spectrophotometer (see Shanes, ’50a, 
Dla, °52). In earlier experiments two paired sets of nerves, 
each set composed of three nerves tied together at their ends, 
contributed to a single day’s run. The use of more than one 
nerve per unit lowers exchange rates (fig. 1 B), consequently 
in most later experiments single nerves were employed. Also, 
it was noted that thread does not completely give up the ex- 
perimental agents during brief washing and otherwise dis- 
torts the emission curve (fig. 1 B); therefore, in most routine 
experiments it was replaced with 3 mil surgical tantalum wire 
for tying purposes. 

The sodium and potassium content of the tissue was de- 
termined by analysis of the aqueous extract of the ash ob- 
tained after 16 hours’ incineration at 500°C.; the nerves were 
first blotted on filter paper, their ends cut off, and then dried 
to constant weight. 

Radioactive agents. Long life radioactive chloride ? (Cl**) 
and C' labeled sucrose * were employed with the same ex- 
perimental techniques used for potassium. Two milliliters of 
the original solution containing Cl*® were neutralized and 

* Supplied by the Oak Ridge National Laboratory as approximately 1N hydro- 
chlorie acid with an activity of 5ue/ml. Radiochemical purity was checked by 
running an absorption curve. 

* Supplied by the Nuclear Instrument and’Chemical Corp. with a purity esti- 


mated at better than 99% and an activity of 0.5 uc/mg. Radiochemical purity 
was checked by running an absorption curve. 
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made up to an isotonic 50 ml radioactive Ringer’s estimated 
to have an activity of ca. 0.2 wC/ml. Radioactive sucrose usu- 
ally was added to Ringer’s or to Cl** Ringer’s to the extent 
of 2mg/ml (1 yC/ml), thereby altering the osmotic strength 
less than 3%. Thus, the activities involved were on the tracer 
level, and the sucrose concentration used was extremely low. 

The reproducibility of emission curves was found to be de- 
pendent on the procedure used in transferring the nerves from 
the preliminary soaking solutions to the circulation units. The 
technique adopted included blotting the wires, nerve and sup- 
porting glass rod with filter paper first, then giving a quick 
preliminary dip in inactive solution, and finally mounting in 
the circulation unit. Failure to use both parts of this routine 
was prone to give an excessive initial release and excessively 
high total emission compared to that estimated from analyses 
of companion nerves, presumably because of contamination. 

The escape of radioactive agents to regular Ringer’s was 
followed by repeated collections of small volumes in contact 
with the nerves. Duplicate media samples, of 0.3 ml each, 
were deposited on stainless steel planchets, with ‘‘Roccal’’ 
and small dises of lens paper to achieve uniform spreading; 
these were carefully heated to dryness under infra-red lamps.* 
Counting usually was done with two gas flow counters of the 
type described by Robinson (’50) which, with P-10 gas* to 
give proportional counting and with the discriminator on our 
scalers ® appropriately adjusted, gave uniform backgrounds 
of 6 counts/min. All experimental counts were at least ten- 
fold higher than background and were carried usually to 4000 
or greater, hence the standard deviation of individual counts 
was of the order of 1.5%. Duplicates were run on separate 
counters and one standard reference was run on both units 
at the beginning and end of the day as well as on successive 
days as a check on systematic differences and on drift. The 

‘We are indebted to Mr, Dean Cowie for suggesting this procedure of deposi- 
tion. 


* Methane-argon supplied by the Matheson Co., Inc. 
° Manufactured by the Nuclear Instrument and Chemical Corp. 
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‘‘hot’’ solutions in which the tissues had been soaked were 
diluted in the same medium used for following emission as 
a further check; thus a reference was always available to 
adjust the counts found in the media to a relative scale. Al- 
though agreement between duplicates was usually within 5%, 
differences up to 10% generally were accepted and averaged. 

The activity of nerves, after the ends had been removed, 
was determined by soaking the tissue in 0.8 ml distilled wa- 
ter under conditions of intense vibration — for two hours for 
Cl*® and 4 hours for labeled sucrose —and then depositing 


TABLE 1 


Comparison of the CT and C* labeled sucrose (S), in counts per minute, estimated 
for planchets containing both, using (A) an end window Geiger counter with and 
without absorber and (B) an end window counter without absorber and a gas flow 
counter. Counts given are those for a Geiger tube without absorber. 


A B 
PLANCHET S3 SS SS = ae 
Cl Ss cl Ss 
1 200 108 195 113 
2 168 103 161 110 
3 128 79 122 85 
f 158 114 158 114 
5 207 143 195 155 
6 734 579 750 580 
Uf 723 522 707 539 
8 166 59 163 62 


0.2 ml of the resultant solutions on planchets as above. This 
procedure was considered satisfactory since (a) additional 
soaking in water did not elevate the count further and (b) 
the chloride space computed from data so obtained is in close 
agreement with that found by Fenn et al. (’34) with con- 
ventional procedures. Allowance was made for the contribu- 
tion of the water content of the nerves to the total volume. 

For certain experiments it was desirable to determine Cl** 
and sucrose simultaneously in the nerves or in emission ex- 
periments. For comparison of chloride and sucrose space this 
was particularly necessary to minimize statistical variation. 
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Two methods were found satisfactory: (1) Counts were run 
with a thin window (1.6mg/em?) Geiger tube (Tracerlab 
TGC2) with and without two layers of ‘‘Reynolds Wrap’’ 
aluminum foil as absorber; a complete Tracerlab automatic 
counting unit was available which made possible round-the- 
clock counting. The background was 18 counts/min. with a 
maximum range of variability of only 1 count/min. Thus, 
data for nerves could be collected in a reasonable time and 
with good precision. (2) For media, count levels were too 
low for use of the Geiger tube with an absorber; however, 
comparison of the counts obtained with the Geiger tube alone 
with that in the flow counters gave sufficient discrimination 
to permit satisfactory measurement of both Cl**® and sucrose 
in the same samples. The agreement obtained with both meth- 
ods on the same planchets is shown in table 1. The relative 
transmission factors for chloride and sucrose were approxi- 
mately 90 and 10%, respectively, for the first procedure, and 
30 and 10% for the second. 

Unless indicated otherwise, experiments were carried out 
in a constant temperature room at 25 + 1°C. Low tempera- 
ture studies were conducted in a cold room at 4°C. Nerves 
were placed in the equilibration solution at cold room tem- 
perature one to one and one-half hours prior to the emission 
run, after the usual long equilibration at higher temperature 
as in the controls. All apparatus, gas and solutions used at 
low temperature were left in the cold room for at least 16 
hours previous. 

RESULTS 


Nerve analyses 


Sodium-potassium. The first attempt at measuring sodium- 
potassium exchange was by immersion of nerves in a Ringer’s 
with all the sodium replaced by potassium. Potassium phos- 
phates were employed for the buffer and calcium was present 
as usual. The emission of sodium into this medium was fol- 
lowed (see below) and the nerves were analyzed after 13 
hours’ exposure. Table 2 summarizes the nerve data. 
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The potassium Ringer’s causes a 33% gain in weight. The 
figures in table 2 demonstrate that the potassium increment 
(per gram dry weight) is equal to the sodium lost plus (1) 
a potassium gain (36uM) equivalent to that in potassium 
Ringer’s entering as the source of the weight increase and 
(2) an additional uptake (54 uM) of extracellular cation which 
occurs during 12 hours following equilibration, as may be 
seen by comparing the sodium contents of 12 and 28 hour equi- 
librated nerves. Thus, on a dry weight basis, the sodium loss 
in potassium Ringer’s is 312 u.M/gm; the potassium gain is 
404 uM/gm, of which 90 is due to other than exchange, as 
pointed out above, hence 314 is the figure to be compared with 
the sodium loss (312 uM/em). The agreement, therefore, is 
good. 

Although sodium-potassium exchange observed in such ex- 
periments (see below) might be useful for the establishment 
of the order of magnitude of the rates involved, the large wa- 
ter uptake precluded its use for precise determinations of the 
exchange coefficient.’ Less drastic conditions therefore were 
sought. 

A series of experiments was carried out to determine 
whether sodium lack is by itself responsible for the water 
uptake. The results (table 3) show not only that the absence 
of sodium fails to cause the large weight gain but prevents 
the weight increase which normally occurs during 16 hours’ 
equilibration in Ringer’s. However, the low sodium Ringer’s 
is by no means innocuous, for, as pointed out earlier (Shanes, 
’51b, ’52) and as may be seen in table 3, a significant although 
small (15%) potassium loss occurs at low sodium levels. The 
exposure to Ringer’s for 7 hours restores the normal sodium 
level, presumably in the extracellular space. 

An additional set of experiments, summarized in table 4,° 
demonstrated that an elevated potassium concentration does 
not cause weight changes any different from sodium when 

7™This phrase is preferred to ‘‘diffusion coefficient’’ when ionic exchange is 
involved. 


® A preliminary report of these results was given earlier (Shanes, ’48b). 
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the latter ion is present at normal levels. Thus, when the 
tonicity of Ringer’s is doubled by the addition of KCl or 
NaCl, the maximal shrinkage of nerve, which occurs in about 
one and one-half hours (Shanes, ’48a), is the same in either 
case, and the weight gain over a subsequent 20 hour period 
is also the same. The functional properties of these nerves 
apparently were not affected adversely, for return to normal 
Ringer’s caused a percentage change in weight equal to that 


TABLE 3 


Weight changes during 16 hours’ equilibration in Ringer’s and in a 2mM/I 
sodium Ringer’s,’ and the sodium and potassium contents of the nerves after an 
additional 7 howrs in normal Ringer’s solution. R. pipiens. 


NORMAL RINGER'S 


change Na K Na K 
% uM /gm wet wt. uM /gm dry wt. 
4.7+0.7 69.9 + 1.4 35.0 22 10 319 + 9.6 171+5.4 
No. 22 6 6 
LOW SODIUM RINGER'S 
jeter Na K Na K 
% uM /gm wet wt. uM /gm dry wt. 
0.18 + 0.64 69:0°=5 2.1 30.2 + 0.9 So c= ed 151 2.6 
No. 16 6 6 


* Choline or sucrose replacing the sodium. 


TABLE 4 


Weights, in per cent of initial weight in Ringer’s, of R. pipiens nerve and muscle 
after exposure to 2% hypertonic solutions in which the indicated substance was 
added to the medium in amounts osmotically equivalent to 0.11 M NaCl according 
to freezing point data. Parenthetical figures give the number of nerves providing 
the means. 


SCIATIC NERVE 
TIME 


Control Glucose Sucrose NaCl KCl 

hr. 

1.5 101+0.4(4) 78.9+1.3(8) 78.640.6(6) 84.2+1.1(7) 86.0+2.2(4) 
20 107 22129 86.8+0.8 94.2+1.7 95.82.6 
20.5 Return to Ringer’s > 
22 104+3.2 107+1.9 TIO SA 112+18 

SARTORIUS MUSCLE 
3 -  75.8+1.1(8) 79.8+2.0(4) 75.9+0.9(4) 
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obtained during the first one and one-half hours in hypertonic 
solution, and good action potentials were soon found even in 
the nerves which had been treated with potassium. 

The data of table 4 lead to an additional important conclu- 
sion: Unlike the situation in frog muscle (Boyle and Conway, 
’41) and crab nerve (Shanes, ’46), anion permeability is ex- 
tremely low in frog nerve fibers under ordinary circumstances. 
As a result, KCl cannot penetrate as such to give rise to wa- 
ter uptake when it replaces NaCl in the medium. 

The osmotic and low sodium experiments suggested that re- 
placement of a sufficiently small quantity of sodium with po- 
tassium would enable the nerves to maintain normal weights 
and thereby to serve as preparations suitable for the study 
of sodium-potassium exchange. This was found to be the case 
when potassium was substituted for 1/3 of the sodium (ta- 
ble 5). Nerves soaked for two and 6 hours in such potas- 
sium Ringer’s are seen to exchange equivalent amounts of 
sodium and potassium when their contents are compared with 
a suitable control. The exchange by two hours is approxi- 
mately 80% of that at 6 hours. The excess potassium space, 
Le., the percentage of the nerve occupied by the solution with 
the added potassium, is found to be 54 and 65 at two and 6 
hours. This is of the magnitude found by Fenn et al. (’34) 
to be the chloride space, which these authors demonstrated by 
two clear-cut procedures to be largely extrafibrillar. Hence, 
the fibers probably were not penetrated by a significant amount 
of the excess potassium.?® 


® Since the validity of this conclusion is important in an evaluation of the site 
of action of excess potassium, note must be made of two statements to the con- 
trary in the literature. The data on which they are based can be shown to be 
consistent with the above. Thus, Fenn et al. (’34) found that at isotonie potas- 
sium levels the entry of potassium is greater than can be accounted for in terms 
of the extracellular space; however, their data are in accord with those in table 
2, where the large uptake is seen to be a consequence of the change in nerve 
volume. Feng et al. (’50) observed that an isotonic (474mg %) potassium Ring- 
er’s increased the potassium content of desheathed toad’s nerve from 200 mg % 
to 420-460 mg % in 40 minutes. On the basis of the total final quantity in the 
nerves, they conclude that some of the excess potassium entered the fibers; how- 
ever, the initial content must be deducted from the total to evaluate the incre- 
ment (220-260 mg %), from which the excess potassium space is calculated to 
be no more than 55%, a figure also in keeping with the above. 
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A discrepancy is apparent in the relative amounts of so- 
dium and potassium transferred after 16 hours in potassium 
Ringer’s in the absence of a previous 16 hour equilibration in 
Ringer’s. It will be recalled (table 2), and it is apparent in 


TABLE 5 


Weight changes and final sodium and potassium contents of nerves under various 
conditions of treatment with and without excess potassium 
in the medium. R. pipiens 


COLUMN A B c D E F 
Time in 

Ringer (hr.) 0 16 16 16 0 0-127 
Time in 1/3 
_K Ringer 

(hr.) 0 0 2 6 16 16 
Weight 

change in 

K (%) a 47420TN0T5ZOG O87EIS 6.S2OF 

Na (uM/gm 

final wet 

wt.) 61.4£1.8 .74.2221.4 55.82.0 50.8231 45.12E1.5) 673.2262.1 
K (uM/gm 

final wet 

wt.) 40.4+0.3 37.241.2 57.522.4 62.1%1.4 591=0.9,.43.351.6 
No. 6 9 6 6 6 16 
—B (Na) 19.6 23.5 29.1 

=) 20.3 24.9 21.9 

Sn wGNa) 28.1 

Se (Me) 15.8 

AC KIN) 16.3 

eT (OS) 18.7 

Excess K 

space (%)* 54 65 


1 Nerves immediately immersed in 1/3 K Ringer’s, then leached for 12 hours in 
normal Ringer’s. 

2 Mean based on 20 measurements for 16 hours in Ringer’s. A previous value 
based on 60 determinations was 7% (Shanes, 752). 

* Obtained by dividing the mean sodium and potassium changes by the potassium 
content of the potassium Ringer’s (37 «M/ml). 


ie 
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table 5, that the nerves tend to gain sodium with either no 
or a slight loss in potassium. The problem therefore arises 
as to the appropriate control for determining the net change. 
The results of using different possible controls — fresh nerve 
(column A), 16 hour, Ringer’s equilibrated nerve (column 
B), and potassium soaked nerves after 12 hours’ washing in 
Ringer’s (column EF) — give either too low ionic exchange 
compared to the two and 6 hour results, or discordant val- 
ues for potassium and sodium (table 5). 

The inadequacy of available controls is suspected as the 
source of discrepancy. On this basis the average of the so- 
dium and potassium changes obtained with a particular con- 
trol should still give the correct amount of exchange. In keep- 
ing with this it can be seen that the long equilibrated controls 
give averages practically equal to the 6 hour figures. In any 
ease it is clear, from any of the controls, that the potassium 
uptake does not exceed significantly that which would be con- 
tained in the chloride space. 

C14 labeled sucrose and Cl**, All measurements were car- 
ried out with both radioactive agents present so that they 
were individually determined on the same nerves as out- 
lined under ‘‘Methods.’’ The relative uptake, referred to as 
‘“space,’’ is shown for R. pipiens and R. catesbiana in table 
6. The figures for chloride at the later times are slightly larger 
than those reported by Fenn et al. (’34); this difference is 
partly ascribable to the uptake of Ringer’s as the source of 
weight gain during 16 hour equilibration. In both species the 
sucrose space is significantly smaller than the chloride space ; 
in R. eatesbiana, this difference is seen to be independent of 
time, and therefore probably is a genuine difference in the 
nerve volume available to chloride and sucrose. That differ- 
ent diffusion rates are not responsible is shown by the kinetics 
of diffusion described below. Thus, by 16 hours even sucrose 
is probably within better than 5% of equilibrium. 

A difference in sucrose and chloride space was predicted 
earlier (Shanes, ’48b) on the basis of the greater osmotic ef- 
fectiveness of sugars, now shown in detail in table 4. This 
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effect is not obtained in muscle. The gradual return towards 
the original weight over the following 20 hours is seen to be 
the same whether electrolytes or sugars render the Ringer’s 
hypertonic; moreover, this weight gain is only slightly larger 
than that of the controls, and therefore not ascribable chiefly 
to the hypertonicity or to the particular substance added in 
excess. It may represent in part an enlargement of the ex- 
tracellular space such as occurs with dramatic rapidity upon 
removal of the sheath. In keeping with this, such prepara- 
tions gain sodium without a corresponding loss in potassium 


TABLE 6 


The chloride and sucrose (S) spaces of frog nerve estimated as the percentage 
ratio of nerve activity/gm to activity/ml of soaking solution. The ratio of the 
chloride to sucrose space is given with the standard error based on the two spaces 
as estimated in the same nerves. 


SPECIES rag Beg Cl* SPACE S SPACE 2 
hr. % % 
R. pipiens 16 6554 2215 43.9 + 4.3 1.67 + 0.24 
No. 9 9 9 
R. catesbiana 5 He poet S07) 35.0 Stee ah 1.39 + 0.10 
No. 6 6 6 
ae 61.8 + 1.0 47.2: 351.5 1:32. 350-05 
No. 6 6 6 


(cf. columns A and B in table 5 after correction for the weight 
gain of 16 hour preparations). 

Since the penetration by sucrose and chloride is not com- 
plete by one and one-half hours (70 and 90% of completion, 
respectively, according to fig. 3A), shrinkage by this time 
in an excess of these agents should exceed that at equilibrium 
if water diffusibility is not a limiting factor, particularly in 
the case of sucrose. However, the somewhat greater return 
to the original weight, to be expected in sucrose, is not ap- 
parent in table 4. 

Further evidence of the absence of toxie effects by 1/3 po- 
tassium Ringer’s was seen in the absence of any demonstrable 


a———1- 
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action by such solutions on the chloride space in R. pipiens. 
Thus, in 6 paired nerves, the Cl** space of controls, after 16 
hours of equilibration, averaged 59 + 1.9%, whereas the 
mates exposed to the high potassium concentration for the 
same period had a chloride space of 62 + 1.1%. 


Media analyses 


Sodium-potasswwm. The precision of measurement of a par- 
ticular agent appearing in the medium as a result of its loss 
from nerve is in proportion to its amount in the medium 
initially. The complete absence of sodium in the potassium 
Ringer’s first employed promised maximum sensitivity ; how- 
ever, as already pointed out, a substantial weight gain occurs 
during the course of such experiments and therefore the ex- 
change observed can be‘considered merely indicative of the 
order of magnitude of the rates involved. 

The sodium emission curve obtained is given in figure 1 A. 
Since the semi-log plot is not linear, we are not dealing with 
an exponential process and the concept of ‘‘time constant’’ 
is not applicable as a measure of basic rate. We shall there- 
fore merely refer to e-time (i.e., the time required for the 
changes to reach 1/e or nearly 1/3 of completion) without 
any assumption as to the time course of the process. Thus, 
the e-time in this series was approximately 90 minutes. 

It must be stressed that the above measurements were ob- 
tained with three nerves per unit and with thread, washed 
briefly in Ringer’s prior to each run, for tying purposes. 
Both procedures affect the emission curves (fig. 1B). The 
former is of interest since the release of potassium from the 
fibers under a variety of conditions (Shanes, ’51b, 52) was 
studied with more than one nerve per unit, hence the kinetics 
of diffusion when nerves are tied together is useful for mathe- 
matical analyses of the earlier data. The retentive property 
of thread, however, introduces an artifact which is not per- 
tinent either to the present or earlier experiments; therefore, 
thread ligatures were avoided in most future work. 


434 ABRAHAM M. SHANES AND MORRIS D. BERMAN 


The limitations of sensitivity required the use of groups of 
three nerves in the study of the emission of potassium to 
Ringer’s following equilibration in a 1/3 potassium Ringer’s. 
The results are summarized in figure 2 A. Because the exact 
excess of potassium taken up by the nerves (i.e., the initial 
content used to construct the ‘‘desaturation’’ curves) was un- 
certain owing to the question of appropriate control levels, 
the net losses are plotted relative to that obtained in 240 
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Fig. 1 (A) Decline of the sodium content of frog nerve in a Ringer’s with 
all sodium replaced by potassium. (B) Decline of the Cl* content, in inactive 
Ringer’s, of nerves previously equilibrated for 16 hours in active solution: B, 
nerves run in groups of three tied together at their ends with thread. B, as in 
B,, but tantalum wire used instead of thread. B, single nerves suspended in solu- 
tion by tantalum wire tied to the ends. Parenthesized figures in this and sub- 
sequent graphs give the number of runs and hence number of data for each 
point. Vertical lines express + the standard error; where these are absent the 
standard error is equal to or less than the dimensions of the symbols. The initial 
amount is the sum of the losses determined from the collected samples and of 
the amount found in the nerves at the termination of the experiments. 25°C. 
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minutes. If 26uM/gm wet weight is used as the total uptake 
during equilibration, the desaturation curve obtained has the 
following characteristics: An initial rapid phase, ending by 
30 minutes, is followed by an exponential decline with a time 
constant of 115 minutes. This is comparable to the time con- 
stant of 140 + 45 minutes (Shanes, ’52) obtained for the dif- 
fusion of sodium as the chloride into sucrose. 
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Fig. 2 (A) The net loss of potassium to Ringer’s, from groups of three nerves 
tied together with tantalum and previously exposed for 16 hours to 1/3 potas- 
sium Ringer’s, compared with the corresponding curve for Cl*. The total loss 
by 240 minutes (24.3 + 1uM/gm wet weight for potassium) is taken as 100%, 
and earlier values are given relative to this. (B) Comparison of the decline of 
the radioactive sucrose and chloride contents of single nerves in inactive Ringer 3 


following equilibration for 16 hours in ‘‘hot’’ Ringer’s. 25°C. 
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Radioactive chloride and sucrose: R. pipiens. The effect 
of different experimental conditions on chloride exchange is 
shown in figure 1B. The lack of linearity in all curves dem- 
onstrates that the exchange does not occur as a simple ex- 
ponential process. In addition, the figure demonstrates that 
tying several nerves together by their ends, and the use of 
thread instead of tantalum for ligation, both reduce the ex- 
change rate. The e-times for curves B,, B, and By; are 50, 30 
and 15 minutes, respectively. 

In figure 2 A the liberation of Cl** by exchange is compared 
with the exchange of potassium for sodium under similar con- 
ditions, viz., from groups of three nerves tied together with 
tantalum. The former occurs with greater rapidity. 

Chloride exchange is compared with the diffusion of su- 
crose in figure 2B. These and subsequent curves were ob- 
tained under conditions considered to approach the ideal, e.g., 
with single nerves and tantalum ligatures. The sugar was 
selected for comparison since it is unlikely to penetrate the 
fibers and unlikely to be metabolized. Like chloride, but to 
a more marked degree, it emerges rapidly at first and then 
slowly. The fast and slow components of sucrose emission 
probably cannot be attributed to the extracellular and intra- 
cellular spaces, respectively. Rather, it seems necessary to 
seek for the cause of the difference within the extracellular 
space itself. 

Additional experiments were undertaken under still simpler 
conditions to rule out other possible extraneous factors. Thus, 
the different diameters of the sciatic and its branches may 
have contributed to the change in rate with time. Conse- 
quently, subsequent series were carried out on an extremely 
limited segment of R. catesbiana sciatic —the unbranched 
uniform segment, approximately 1.1mm in diameter, imme- 
diately proximal to the origin of the tibialis and peroneus 
nerves. The results so obtained will now be described. 

Radioactive chloride and sucrose: R. catesbiana. The data 
for sucrose and chloride obtained at 25° and 4°C. are sum- 
marized in figure 3. At low temperature a rapid initial re- 


PENETRATION IN FROG NERVE 437 


lease, distinct from the rest of the emission curve, is par- 
ticularly evident. Except for sucrose at low temperature and 
later times, the curves again show no perfectly linear semi- 
logarithmic decline. The e-times for sucrose and chloride are 
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Fig. 3 Comparison of the decline, in inactive solution, of radioactive sucrose 
and chloride in single bullfrog sciaties at 4 and 25°C. As usual, equilibration 
in the isotopes was for 16 hours at 25°C.; an additional hour or hour and a half 
of equilibration at low and high temperature preceded the experiments. 


100 and 65 minutes, respectively, at 25°C., and 200 and 90 
minutes at 4°C. ; 

The possibility was examined that the fast component is 
a consequence of deterioration of the nerves during the long 
initial soaking period. This was done by soaking fresh nerves 
for only 4 hours in radioactive solutions, following emission 
as usual, and then soaking the same nerves for the customary 
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16 hours and comparing the loss. The results based on 8 such 
experiments are shown for chloride and sucrose in figure 4. 
Since nerve data were not available following the short ex- 
periment, comparison is made on the basis of normalized 
curves. Thus, the amount lost by 60 minutes is taken as the 
reference level and arbitrarily referred to as 1. On this ba- 
sis the initial rapid release is even more evident for the fresh 
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Fig. 4 Comparison of the loss of radioactive chloride and sucrose to inactive 
Ringer’s from A, fresh nerves equilibrated in the active media for 4 hours and, 
B, the same nerves, 24 hours old, equilibrated for the usual 16 hours in ‘‘hot’’ 
solution. All data given relative to the total loss by 60 minutes. 25°C. 


nerve than for those which had aged. This does not mean, 
of course, that more had come out initially; actually the ab- 
solute amount was somewhat smaller, for the net amount which 
had appeared by 60 minutes was less in the nerves exposed only 
4 hours to radioactive solutions —a natural consequence of 
the smaller amount of radioactive material which could be 
taken up in the shorter time. Thus, the chloride and sucrose 
released in 60 minutes by these nerves were 75 and 70%, re- 
spectively, of that released after a 16 hour soaking period. 
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One series of experiments was carried out in an effort to 
determine whether the ends of the nerves (10-15% of the 
total length of nerve) were the source of the rapid release. 
Nerves were exposed to radioactive sucrose solutions for 5, 
15, and 60 minutes, the ends cut off, and the remainder ex- 
tracted for activity measurements. Since the ‘‘saturation’’ 
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Fig. 5 (A) Comparison of the net loss of radioactive sucrose to inactive Ring- 
er’s from nerves equilibrated for 16 hours in ‘‘hot’’ Ringer’s, with the uptake 
in the same radioactive solution by nerves equilibrated previously for 16 hours 
in normal Ringer’s. Uptake estimated by direct measurements on the central seg- 
ments of the nerves, losses by the usual analysis of collected samples. (B) 
Decline in the radioactive chloride content of single bullfrog sciatics in a Ring- 
er’s with all the NaCl replaced by sucrose of equivalent osmotic strength (7.1%). 
Since this is accompanied by the additional loss of sodium, rather than by ex- 
change with chloride in the medium, it is referred to as diffusion. The exchange 
curve from figure 3 A is given for comparison. 25°C. 
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or uptake curve must mirror the ‘‘desaturation’’ or release 
curve as long as purely passive phenomena are involved, any 
deviation may be attributed to the ends. In figure 5A the 
absolute amount of activity taken up is compared with that 
released in earlier experiments. At 60 minutes the amounts 
approach each other, but at the shorter times they are con- 
sistently less. Nevertheless it is quite clear that the nerve 
trunk proper is responsible for at least a major proportion 
(70%) of the rapid uptake (and hence release) of sucrose 
during the first 5 and 15 minutes. 

A final series was conducted to compare chloride diffusion, 
as NaCl, with exchange. For this purpose Cl** emission, after 
the usual 16 hour equilibration in radioactive Ringer’s, was 
observed in a Ringer’s in which all the NaCl was replaced 
with sucrose; some electrolyte (sodium phosphate buffer, KCl, 
and CaCl., in the usual concentrations) was present in the 
latter, but contributed to only 4% of the tonicity. The results 
of 12 runs are summarized and compared with the exchange 
curve in figure 5B. The rate of diffusion is substantially 
lower and follows an exponential time course after the first 
15 minutes. Its exponential nature is consistent with the find- 
ings of Fenn et al. (’34) with ordinary chemical methods 
(see Shanes, ’51b, ’52). The initial rapid loss is particu- 
larly clear in the diffusion curve. 


DISCUSSION 


These results, in the light of available data, indicate (1) 
that the exchanges of excess potassium for sodium and of 
radioactive chloride for inactive chloride are largely extra- 
cellular phenomena, (2) that the extracellular space is com- 
posed of at least two distinct phases —a smaller one in which 
exchange and diffusion occur with relative rapidity, and a 
larger one which meets considerably more resistance, and (3) 
that a third phase exists which is accessible to potassium and 
chloride but not to sucrose. 

With regard to the last situation, the possibility of entry 
of the ions into the fibers appears unlikely in view of the fail- 
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ure of the nerves to swell when potassium replaces sodium — 
a swelling which occurs in systems permeable to both chlo- 
ride and potassium (Boyle and Conway, ’41; Shanes, ’46, 
’00b). Moreover, Fenn et al. (’34) describe two experimental 
procedures which lead to the conclusion that all the nerve 
chloride is extracellular. Another possibility is that myelin 
can take up ions but not sugars. The cross-sectional areas 
of myelin and axoplasm are about 1 to 1 (Renyi, ’29); if a 
major portion of the myelin were available to ions, the non- 
sucrose space !° would be to the non-chloride space !! ag 2:1. 
When the dry weight of 22% (Shanes, ’52) as well as the 
chloride and sucrose spaces are taken into account, the ratio 
for R. pipiens is 34:13 and for R. catesbiana 31:16, which 
appear to be of the correct order of magnitude. More remote 
sheaths cannot be considered responsible for the selectivity 
since glucose, which exerts similar osmotic effects to sucrose, 
is utilized under anaerobic conditions (Shanes, 752) and hence 
must be able to reach the fibers at least at the nodes. More 
direct data are required on the histology of the frog nerve 
trunk and the electrical characteristics of specific structural 
elements. 

The rapid component of the emission curves appears at- 
tributable to material contained in the aqueous phase of the 
nerve sheath (epineurium). This is in accord with the ob- 
servation that relatively small concentration gradients may 
lead to the rapid development of effects in intact nerve (Lor- 
ente de N6, ’50). Slow emission therefore would appear to be 
from the extracellular space in the fiber-containing core of 
the trunk. 

An estimate of the relative dimensions of the two phases 
is in accord with this viewpoint. Consider, for example, the 
situation in bullfrog nerve. In this case the sheath thickness 
may be taken as 40 u, a figure indicated by histological sections 
(Lorente de Né6, 50). Thus, in a 1.1 mm trunk, the core diame- 
ter is 1mm. If, as for whole nerve (Shanes, ’52), 80% of the 


The space unoccupied by sucrose. 
“The space unoccupied by chloride. 
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sheath weight is available to dissolved substances, the contri- 
bution to the extracellular space is 0.11 ml/gm wet weight 
of nerve. Since 0.62 and 0.47 ml/gm are the total chloride and 
sucrose space, respectively (table 6), then the phase of rapid 
release would be 18% of the total for chloride and 23% for 
sucrose. 

Inspection of figure 5B, where the initial component for 
chloride is most distinct, indicates a rapid phase of 20%, and 
figure 3B, for sucrose, 35%. If these are reduced to 70%, 
as suggested by direct nerve analyses (fig. 5 A), they become 
14 and 23%. This agreement with the predicted percentages 
is good, probably better than is to be expected in view of 
the uncertainty involved in the extrapolations to estimate the 
magnitude of the rapid component.'” 

As a working hypothesis, therefore, the sheath and core 
will be considered to constitute the source of the rapid and 
slow components of emission. A first approximation may now 
be made of the diffusion coefficient for the sheath. The epi- 
neurium will be assumed to be an infinite homogeneous plane 
sheet in contact at the inner surface with an impermeable wall; 
the result is divided by 2 to allow for a final steady state 
gradient which limits the sheath loss to half the original con- 
tent. On this basis, if the ‘‘average desaturation”? is 95% 
complete in 15 minutes, the coefficient can be shown to be (Hill, 
728) 107* em? min.~?. 

Although this is no more than a rough estimate, it suffices 
to show that the diffusion is slow compared to that in free 
solution (table 9). Indeed, it is of the order obtained for the 
fiber-containing core when the major diffusion resistance is 
considered to reside in the core (see below); this identity 
is not accidental for, as will be shown in a subsequent report, 
these sheaths, containing only radioactive Ringer’s, can ac- 
count for and do duplicate the kinetics of whole nerve. The 
computation demonstrates that the diffusion constant may be 

*Tt should be noted that a curve fitting procedure, employed below to estimate 


a diffusion constant for the slow phase, gives 10% and 25% for the rapid com- 
ponents of chloride and sucrose. 


PENETRATION IN FROG NERVE 443 


low in the sheath although the entry or exit of substances is 
relatively rapid. This follows from the high surface to volume 
ratio (1/thickness = 20 mm“) characteristic of a thin periph- 
eral structure such as the epineurium. In the case of the 1 mm 
core, the ratio equals 2/radius or 4mm}, or is 1/5 that of the 
sheath. This would contribute to the difference in rates in 
these two phases of the extracellular space. 

If the diffusion coefficients were identical in the epineu- 
rium and core, the solution for a homogeneous cylinder, as 
given by Hill (’28), should be adequate to describe the total 
diffusion process. That such is not the case can be shown 
in the following way. From Hill’s curve of ‘‘average satura- 
tion’’ (fig. 5 in Hill, ’28) one can read off a time dependent 
variable, kt/r,”, as a function of the net loss. The ratio k/r,? 
is that of the diffusion coefficient to the square of the cylinder 
radius, and therefore is a constant. Hence if the values of 
kt/r,”, taken from the theoretical curve for different net losses, 
are divided by the corresponding times (t), conformance to 
the theory of diffusion for a homogeneous cylinder will be 
indicated by the constancy of the quotient with time. In ta- 
bles 7 and 8, in the columns designated as 0 correction fac- 
tor, may be seen the continual decline of the quotient with 
increasing time for both sucrose and chloride emission at 4 
and 25°C. 

We may now inquire whether the proposal of two distinct 
phases will account for the deviation from simple theory. If 
so, it might be possible to deduct the contribution by the 
sheath, which appears to be completed early, from the total 
and thereby to reconstruct the emission curve for the slower 
phase. When the proper correction is made, k/r,? should be- 
come constant with time as required and, since r, is known, 
this ratio will then provide an estimate of k for the fiber- 
containing core. Such constancy is approached when the cor- 
rection factor is 25% for sucrose and between 5 and 10% for 
chloride, as may be seen in tables 7 and 8. If the values 25 
and 10%, respectively, are employed, the diffusion coefficient 
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TABLE 7 


The variation of k/r,? (min X 10°) with time after the indicated corrections of the 
sucrose loss for an initial rapid phase (R. catesbiana) 


CORRECTION FACTOR (PER CENT) 


TEMP. TIME 
0 20 25 80 
bat 6 min. 
5 5.6 1.6 Sab, Ade 
15 2.0 1.0 0.70 0.41 
30 1.9 0.92 0.73 0.50 
25 60 1.4 0.90 0.73 0.58 
120 La 0.78 0.68 0.59 
240 0.8 0.63 0.58 0.52 
Mean: 0.68 
15 1.4 0.36 0.21 ee 
30 aa 0.37 0.21 0.13 
4 60 0.73 0.31 0.20 0.12 
120 0.53 0.28 0.19 0.13 
240 0.44 0.27 0.20 0.14 
Mean: 0.20 
TABLE 8 


The variation of k/r,? (min X 10*) with time after the indicated corrections of the 
chloride exchange for an initial rapid phase (R. catesbiana) 


CORRECTION FACTOR (PER CENT) 


TEMP. TIME 
) 5 10 15 
x 08 min. 
5 2.4 1.8 aI-33 0.8 
15 1.9 1.6 1.2 0.9 
30 1.8 1.6 1.4 aT 
25 60 1.8 17, AEs ies" 
120 17, 1.6 15 18 
240 1.4 1.4 1.4 13 
Mean: 1.6 1.4 
15 1.3 1.01 0.77 0.53 
30 ee 1.05 0.87 0.66 
+ 60 1.2 1.00 0.87 0.73 
120 0.9 1.04 0.96 0.88 
240 0.8 0.96 0.92 0.85 
Mean: 1.01 0.88 


= 


a ne ee oe ee 


i 
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for sucrose (r,=0.05em) is found to be 1.7 x 10° em? 
min. at 25°C. and 0.5 < 10-* cm? min. at 4°C. The cor- 
responding values for chloride exchange are 3.5 X 10-* and 
2.2 « 10°° em? min.“!. The emission of Cl** into the sucrose 
Ringer’s (fig. 5B), gives constancy of k/r,? for a correction 
of 5%, from which the diffusion coefficient of NaCl is 2.3 x 
ecm min... 

Comparison may now be made between these figures and 
data available for the free diffusion of ions in water. The 
chloride exchange coefficient is directly comparable with the 
diffusion coefficient of KCl. This follows from the well-known 
relation between the ion mobilities and the diffusibility of a 
salt: The diffusion coefficient of a strong electrolyte is pro- 
portional to twice the product of the cation and anion mobili- 
ties divided by their sum. Thus, the near identity of chlo- 
ride and potassium mobilities makes KCl diffusibility a close 
measure of chloride mobility or exchangeability in aqueous 
solution.’® In table 9 the data (k) for the bullfrog sciatic are 
compared with those obtained or calculated from available 
data (D) for free diffusion under comparable conditions of 
temperature and concentration. The rates in the nerve trunk 
are found to be about 1/300 that in free solution. 

In the case of chloride, the effect of temperature is about 
the same as on free diffusion. This suggests that passage of 
this ion involves only the aqueous phase of the extracellular 
space rather than the permeability of structural elements. A 
similar conclusion may be drawn from the close agreement 
between k/D for sucrose at 4°C. and for NaCl at 25°C. with 
that for KCl at 25 and 4°C. At present no explanation can be 
offered for what appears to be a significantly larger k/D value 

“That such is the case within precision limits of several per cent is shown 
by the following sample calculation: The ‘‘self-diffusion’’ (ionic exchange) of 
radioactive sodium gives a coefficient of 1.264 at 25°C. and in 1M Nal (Wang 
and Kennedy, ’50). The diffusion coefficient of KCl at the same concentration 
level and temperature is 1.876 (Stokes, ’50). Using these figures as the rela- 


tive mobilities of sodium and chloride, we ecaleulate the coefficient of NaCl as 


2 1:264% 1.876 | or 1.51, as compared with the measured value of 1.483 (Stokes, 
1.264+ 1.876 


50). 
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for sucrose at 25°C. which is also reflected in the larger tem- 
perature coefficient for k. 

The application of the same procedure for the evaluation 
of k for R. pipiens is open to greater question because of the 
complex geometry. And, indeed, tables set up as in tables 7 
and 8, are not as decisive in delimiting a correction factor 
through constancy of k/r,”, although some improvement is to 


TABLE 9 


Diffusion coefficients (k), estimated for the fiber-containing core of R. catesbiana 
sciatics, and corresponding data for free aqueous diffusion (D) under 
similar conditions of concentration and temperature 


SUBSTANCE TEMP. k D k/D kos /ky Dos/D4 
a8 em? min-! x 10® em? min x 104 
KCl 25 3.5 ap [8 We 3.2 LOS 16 75 
4 2.2 6.37 sPipe.eallics 5 ry 
NaCl? 25 2.3 7.434 Sel CeO 
Sucrose 25 Wes Big ee bs Pisa MI 
4 0.5 1.8? 2.7 <i Bt real 


*Stokes (750). 


* From the 25°C. figure by application of a temperature correction derived from 
data in the International Critical Tables. 


5 Diffusion into 7% sucrose. 


*Corrected for the relative viscosity (1.2) of a 7% sucrose solution (Gosting, 
personal communication ). 


°Gosting and Morris (749). 


be seen for about the same degree of correction as in R. cates- 
biana. If we take the mean k/r,?, as above, an appropriate 
r,- must be employed to give k. For this purpose measure- 
ments were made at 1 to 2mm intervals of the diameters of 
the 4 major branches as well as the trunk of 12 sciatic nerves, 
and a mean radius or mean square radius was evaluated using 
the relative lengths in order to weight the contribution of each 
segment. On this basis r,? is 0.12 or 0.13 & 107°, depending on 
whether the mean is that of the radii or their squares. Using 
the larger value, the following coefficients are obtained: For 
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chloride exchange (KCl), 4.4 x 107°; for sodium-potassium 
exchange,'* 2.9 x 10~°; for sucrose diffusion, 1.2 « 10~* em? 
min. ’. These values are therefore of the same order of mag- 
nitude as for the bullfrog sciatic nerve. 

The above calculations show that passage into or out of the 
fiber-containing core could result from low coefficients in the 
interstitial space. From this standpoint the epineurium might 
not be the major source of diffusion resistance. This appears 
to be contrary to the considerable evidence now available that 
removal of the sheath greatly accelerates the rate that experi- 
mental effects are induced (see Crescitelli, 51, for references) 
and that ions penetrate or leave (Feng et al., 50; Shanes, ’51b). 
However, the finding that desheathed trunks gain consider- 
able weight, which analytical data indicate is due primarily 
to an increase in extrafibrillar volume (Shanes, ’51b, and in 
press; see also Mullins and Grenell, ’52),!° provides an alterna- 
tive explanation for the results of desheathing. 

Thus, the early literature established that many cells are 
practically impervious to sugars and strong electrolytes. The 
osmotic effects described in table 4 demonstrate that such is 
the case in myelinated nerve. It follows that these agents 
must diffuse chiefly between the nerve fibers, hence the ef- 
fective area available for entry into or exit from the intact 
trunk will be reduced in proportion to the sum of the fiber 
diameters divided by the circumference at any distance from 
the axis of the core; interfibrillar connective tissue will also 
reduce the available area. Consequently the increased rates 
of penetration resulting from sheath removal could be inter- 
preted as the consequence of greater interfibrillar spacing and 
hence of effective diffusion area. The extent to which return 
of the sheath restored the original fiber spacing might deter- 
mine the reversibility of the effect of desheathing. 


4 Corrected to a single nerve with the ratio of the coefficient for chloride ex- 
change from single nerves to that for three nerves (= 1.32). 

% Lorente de N6 (personal communication, and ’52) has confirmed histologically 
the increase in extrafibrillar space. 
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However, the recent finding (Shanes, in preparation) that 
the loss of radioactivity from the lumen of an otherwise empty 
bullfrog sheath duplicates that from intact nerve eliminates 
any doubt that the epineurium is the major barrier. The diffu- 
sion coefficient of the sheath, previously estimated from the 
initial component, can be shown to account for the slow com- 
ponent of the emission curve. The values for k given above 
may therefore be regarded as virtual rather than real, provid- 
ing as they do the apparent diffusion or exchange coefficients 
of the core. The much larger CO, diffusion coefficient (Fenn, 
28) is probably indicative of the greater penetrability of 
‘‘non-polar’’ substances. 

It is clear that diffusion and ionie exchange in the extra- 
cellular spaces of frog nerve are more complex than hitherto 
appreciated. But there can be little doubt that strong elec- 
trolytes and ‘‘polar’’ substances, generally, enter and leave 
the nerve trunk slowly under usual experimental conditions. 
This must be taken into account in evaluating earlier studies 
and in future attempts to investigate the more active aspects 
of ionic transfer. 


It is a pleasure to acknowledge our indebtedness to the 
many who have so generously made available additional equip- 
ment which expedited this study: To Drs. Howard L. An- 
drews and Charles Maxwell, of the Laboratory of Physical 
Biology, for a complete Tracerlab Automatic Counting Unit; 
to Drs. Arthur T. Ness and Robert R. Williams, of the Lab- 
oratory of Pathology and Pharmacology, for a Nuclear In- 
strument and Chemical Corp. sealer and for the preamplifier 
from a Nuclear Measurements Proportional Counter Con- 
verter. We are also indebted to Mr. Charles J. Byrne and 
his staff of the Laboratory Aids Branch for their wholehearted. 
cooperation in meeting our instrumental problems. 
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SUMMARY 


The subject of this study has been ionic exchange — potas- 
sium for sodium, Cl** for the inactive ion — and the diffusion 
of NaCl and of low concentrations of C1 labeled sucrose into 
and out of the sciatic nerves of R. pipiens and R. catesbiana. 
The nerve ‘‘space’’ occupied by sucrose is smaller than for 
chloride; this is in keeping with the greater osmotic effective- 
ness of excess sucrose than NaCl. The potassium space equals 
the chloride space, which is consistent with the identity of 
the osmotic effects of KCl and NaCl. Complete replacement 
of sodium in the medium by potassium causes a large gain 
in weight due to uptake of the medium, which does not 
occur when sucrose or choline are used as substitutes. Re- 
placement of only 1/3 of the sodium with potassium leaves 
the water balance undisturbed. 

The exit of the experimental agents from nerve occurs in 
two stages: An initial, smaller, rapid one succeeded by a 
larger prolonged one. The first component is bigger for su- 
erose than for chloride, while the second is slower for the 
sugar. Reduction of the temperature from 25 to 4°C. slows the 
emission of sucrose relatively more than that of chloride. 

These observations suggest that the extracellular space is 
at least a two phase system. The fast component appears ac- 
counted for by the sheath (epineurium), the slow by the fiber- 
containing core. On this basis the diffusion and exchange 
coefficients of the core are estimated to be about 1/300 of the 
values for free aqueous diffusion. 
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HFFECTS OF OXYGEN CONCENTRATION ON X-RAY- 
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SEVEN FIGURES 


Irradiation of tissues under anaerobic conditions was shown 
by Crabtree and Cramer (’33) and Mottram (’35a, b) to result 
in a reduction of the inhibition of growth caused by radiation 
in mouse carcinoma and Vicia roots. These findings were con- 
firmed by Read and Wolfe (’48) with Vicia, and by Hayden 
and Smith (’49) with barley, the work of the former authors 
indicating that the extent of inhibition was positively corre- 
lated with the amount of oxygen present at irradiation. Study- 
ing a specific aspect of growth, Anderson (’39) demonstrated 
that Arbacia eggs irradiated in hydrogen showed less delay 
in cleavage than those irradiated in air. Cohen (’39) found 
that radiation-induced delay in cleavage of Arbacia eggs was 
reduced when the eggs were irradiated while closely packed 
in capillary tubes, a condition which most probably led to 
reduced oxygen tension. These findings clearly show that the 
effects of radiation on growth are influenced by oxygen. 

The present investigation was initiated to determine the 
effects of oxygen concentration on radiation-induced mitotic 
inhibition in grasshopper neuroblasts (Gaulden and. Nix, 50). 
These cells can be grown in vitro, and the mitotic rate of large 
numbers of them can be obtained with relative ease over a 
period of time after irradiation. Moreover, the abnormalities 

1 Work performed under Contract No. W-7405-Eng-26 for the Atomic Energy 


Commission. 
451 


452 M. E. GAULDEN, M. NIX AND J. MOSHMAN 


in cell structure, which appear to be partly or wholly re- 
sponsible for the abnormal mitotic activity of neuroblasts 
following exposure to x rays, have been determined (Carl- 
son, 42; Wolfson, 51; Gaulden, unpublished). Consequently, 
the effects of oxygen on mitotic response to x rays could be 
studied in detail and interpreted in light of alterations, if 
any, in the abnormalities of cell structure and behavior caused 
by radiation. It was hoped that such a study might help 
bring the mechanism of the oxygen effect into sharper focus. 

The mitotic response of neuroblasts to x rays was found to 
be influenced by the concentration of oxygen present during 
irradiation, the period of recovery being more sensitive to 
the effect of oxygen than the period of initial depression of 
mitosis. 

MATERIALS AND METHODS 


Three doses of x rays were used. Doses of 3.5 and 8r were 
chosen because they do not depress mitotic activity to zero; 
therefore, measurement can be made of differences in depth 
of mitotic depression after irradiation at different concen- 
trations of oxygen. A dose of 64r, on the other hand, de- 
presses mitosis to zero, resulting in successive periods of 
minimum and maximum activity (recovery) that are of con- 
siderable duration and therefore are readily measurable. A 
General Electric Maxitron 250 kvp unit was used for the 
experiments with 3.5 and 8r: at 100 kvp, with 3.5mm of 
aluminum filtration, the intensities were, respectively, 6 r/min- 
ute at 90-em target distance and 15ma and 8r/minute at 
96-em target distance and 25ma. For those experiments in- 
volving a dose of 64r, a General Electric Maximar unit was 
used. The factors were 125 kvp, 15 ma, and 70-cm target 
distance. A 0.5-mm aluminum filter was added to the inherent 
filtration of the machine (equivalent to 3mm of aluminum). 
The intensity was 32 r/minute. Intensities were measured in 
air with 25-r and 100-r Victoreen thimble ionization chambers. 

Irradiation was carried out at 6- different concentrations 
of oxygen: zero (nitrogen, carbon dioxide, or vacuum), 2, 5, 
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10, 21 (air), and 100% oxygen. Helium served as the inert 
gas in the mixtures, the accuracy of percentage of oxygen 
being + 0.2 (analysis by vendor: Ohio Chemical and Surgical 
Equipment Co.) except in the case of one cylinder of 10% 
oxygen. Since it would have been very difficult to irradiate 
the grasshopper eges ? at all 6 concentrations at the same time, 
two sets of eggs were simultaneously irradiated at two con- 
centrations of oxygen. Hight pairs of oxygen concentrations 
were used: zero (carbon dioxide) and 21%; zero (nitrogen) 
and 21%; zero (vacuum) and 2% ; 2 and 10%; zero (vacuum) 
and 5%; zero (vacuum) and 10%; 21 and 100%; and zero 
(vacuum) and 100% oxygen. 

For irradiation at two given oxygen concentrations, moist- 
ened Chortophaga eggs (14 days old at 26°C.) were placed 
in two adjacent containers made of polystyrene (fig. 1a). 
Lids were sealed on the containers with vacuum grease. One 
exit tube of each container was connected to a vacuum line 
and the other to a tank of gas containing the desired concen- 
tration of oxygen (fig. 1b). The containers were alternately 
evacuated to a few millimeters of mercury and flushed with 
gas three times. This operation (completed within three min- 
utes *) was necessary in order to be reasonably sure that 
the atmosphere surrounding the eggs during irradiation was 
the intended one. Manometers permitted a check on pressure. 
Within one minute x radiation followed flushing, and lasted 
for 35, 60, or 120 seconds, depending on the dose. Except when 
irradiated in vacuo, eggs were irradiated at a few millimeters 
positive pressure to allow detection of leaks. Hggs were 
subjected to 4 experimental conditions without irradiation: 
evacuation plus flushing with carbon dioxide, with air, or 
with 100% oxygen, and evacuation alone. All experiments 
with and without irradiation, were performed at room tem- 
perature (ca 25°C.). 

2'The term ‘‘egg’’ is herein used to denote the intact chorion and its contained 


yolk, embryo, and serosal and amnionic membranes. 
* When eggs were irradiated in a vacuum the container was evacuated for three 


minutes before irradiation. 
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Immediately after treatment the containers were opened 
and the eggs placed in 70% alcohol for one-minute steriliza- 
tion. The eggs were dried on sterile filter paper and trans- 
ferred to artificial culture medium (Carlson, Hollaender and 
Gaulden, ’47) where the embryos were separated from the 
yolk and embryonic membranes. Appendages were cut off 
to expose the ventral surface and the head and part of the 
abdomen cut away to reduce the tissue mass. Hach dissected 


GRASSHOPPER 
EGGS 


MANOMETERS 


© TO VACUUM PUMP 


(A) (B) 


Fig. 1 <A, Containers for exposing eggs. B, Set-up for irradiating one set of 
eggs in vacuum and one set in a given concentration of oxygen. 


embryo was mounted, in a drop of medium, ventral side 
against a cover glass, which was then inverted and sealed 
over a depression slide with thick mineral oil. All operations 
were carried out under aseptic conditions (Carlson, Hollaen- 
der and Gaulden, ’47). 

The hanging-drop preparations were studied with a micro- 
scope, the lower portion of which was enclosed in an incu- 
bator maintained at a constant temperature of 38° + 1°C. 
All embryos in an experiment were placed in the incubator 
21 minutes after irradiation, and observations were begun 
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one minute later. Neuroblasts lie at the ventral surface of the 
grasshopper embryo and, therefore, are readily accessible in 
the hanging-drop preparations for observation with the oil 
immersion lens of the microscope. Heat was filtered from 
the microscope illumination by means of a copper sulfate 
solution. 

The data were obtained in the following way. The duration 
of mid-mitosis — prometaphase, metaphase, and anaphase — 
in the neuroblast at 38°C. is 22 minutes, a period which is 
almost constant and which is unaffected by the doses of radia- 
tion used. Consequently, by recording the number of cells 
in mid-mitosis at 22-minute intervals after irradiation, a 
quantitative determination of the number of cells going 
through mitosis in a given period of time can be obtained. 
Approximately 250 cells.per embryo (all the neuroblasts in 
6 of the body segments) were examined at 17 22-minute inter- 
vals, i.e., over a period of 374 minutes * following irradiation, 
and the numbers of cells in mid-mitosis recorded. For each 
experiment comparing two concentrations of oxygen, 12 em- 
bryos or 3000 cells irradiated at each concentration were 
studied. Exceptions were the zero (vacuum)-2% oxygen ex- 
periment with 8 embryos and the zero (nitrogen)-21% oxygen 
experiment with 23 embryos irradiated at each concentration 
to give totals of about 4000 and 11,500 neuroblasts, respec- 
tively, examined in the two experiments. In those experi- 
ments without irradiation, 12 untreated embryos and 12 
treated under each of the previously mentioned conditions 
were studied. Because of the short interval between obser- 
vations, data from only 4 to 6 embryos could be recorded at 
one time. The data of each comparison of oxygen concen- 
trations were compiled, therefore, from the data obtained from 
4 to 8 sets of embryos irradiated on 4 to 8 successive days. 

It should be emphasized that the concentrations of oxygen 
designated for the experiments are those which surrounded 
the tough chitinous chorion enclosing the embryo (in vivo). 


4This represents the approximate period of optimum growth of embryos in 
hanging-drop preparations, 
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The results of Gaulden, Carlson and Tipton (’49) make it 
seem highly unlikely that these concentrations (excepting air) 
were reached at the level of the cells inside the chorion. These 
authors separated embryos from the embryonic membranes 
and yolk and exposed them in vitro, to different gases. Within 
30-60 seconds after pure carbon dioxide or nitrogen was 
introduced into hanging-drop preparations, the spindles of 
neuroblasts in metaphase were either partially or completely 
destroyed. Further, the chromatin of all stages became highly 
refractive within a few minutes, and in the case of middle and 
late prophase nuclei, it reverted to a state resembling that of 
early mitotic nuclei: In other words, neuroblasts in direct 
contact with carbon dioxide or nitrogen were extremely sensi- 
tive to these gases in that they suffered immediate and rather 
drastic cytological alterations. We have found that the neuro- 
blasts of embryos exposed im vivo to the same gases for 
periods of time up to two hours exhibit no detectable cyto- 
logical aberrations. It therefore seems reasonable to assume, 
in the present experiments in which embryos were treated 
wm vivo and for only a few minutes, that the oxygen concen- 
tration at the cellular level during irradiation did not reach 
the concentration prevailing outside the chorion. Needless 
to say, the extreme sensitivity of neuroblasts exposed directly 
to anaerobic conditions precludes studying their response to 
x rays under these conditions. 


STATISTICAL ANALYSES AND RESULTS 


Analysis of the data was approached in two ways. First, 
each experiment was analyzed separately so that direct com- 
parison could be made of the reaction of two groups of cells 
to irradiation given under exactly the same conditions except 
for concentration of oxygen surrounding the cells. This analy- 
sis, made after completion of each experiment, served as a 
guide for further experimentation. Second, the data of all 
experiments with a dose of 64r were combined and, together 
with the 3.5- and 8-r experiments, were used to evaluate the 
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effects of oxygen on certain phases of mitotic response to 
radiation. 


Analysis of individual experiments 


The results of some of the experiments in which two groups 
of eggs were simultaneously irradiated at two tensions of 
oxygen are presented graphically in figures 2-5.°> The stand- 
ard error of each point is indicated. It can be seen that, 
irrespective of oxygen tension, the mitotic activity of the 
neuroblasts follows the same general pattern characteristic 
of mitotic cells given moderate doses of irradiation: the num- 
ber of mid-mitotic cells decreases to a minimum and then 
progressively increases to overshoot and gradually to return 
to the normal level of activity. There is some indication, 
however, that the extent of the mitotic response differs with 
oxygen concentration, especially in the 64-r experiments. The 
data have, therefore, been subjected to statistical analysis to 
determine the significance of the differences. 

A biometrical analysis of each of the 11 paired experiments 
—one each with 3.5 and 8r and 9 with 64r of x rays — was 
made to determine whether the differences between effects of 
two given oxygen concentrations on mitotic response to radia- 
tion were significant. The raw data were transformed ac- 
cording to the procedure of Freeman and Tukey (’50) and 
then analyzed by means of the analysis of variance test 
(Fisher, ’46). (The data have been omitted to conserve space. ) 
In table 1 are shown the probability levels of the F ratios 
thus obtained for determining the statistical significance of 
(1) main effects, i.e., the differences in the total number of 
cells completing mitosis within 374 minutes after irradiation 
at two concentrations of oxygen, and (2) interaction, i.e., the 
differences after adjustment for over-all effects, between the 
number of mitotic cells at each of the 17 22-minute intervals 
in embryos irradiated at one concentration as compared with 
the number at comparable intervals in embryos irradiated at 


®'The average number of mid-mitotie cells per embryo in the absence of x rays 
is about 10. 
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the other concentration of oxygen. The reaction of the neuro- 
blasts to 64r of x rays differed with oxygen concentration 
in a statistically significant manner with respect to both eri- 
teria in the following experiments: nitrogen-21%, carbon diox- 
ide-21%, 2-21%, vacuum-5% (fig. 2), vacuum-10%, and vacu- 
um-100% (fig. 3). In the 21-100% experiment with 64r of 
xX rays, as well as in the vacuum-100% experiment with 8r 
(fig. 4), there was a statistically significant difference between 
the total number of cells completing mitosis after irradiation 


TABLE 1 


Probability levels of F ratios obtained by analysis of variance test of individual 
experiments. The dose of radiation was 64r except as indicated 


~ OXYGEN 
\. cone. (%) 
Nee al ° S =) or SH 

SOURCE OF a o = ° a rn Sp Cpe As: ae 

‘ : = Oo a : ~ LY 4 
VARIATION A S 2 2 2 s ~ gc s 22 
Total number of 

mitotic cells ++ 44 44 44 44+ 44+ 4 4+ - —-— =— 
Interaction Se ee oe ee ee oe ee oe ee Se 


++ Significant at 0.01 probability level. 
+ Significant at 0.05 probability level. 
— Not significant at 0.05 probability level. 


at the different concentrations of oxygen; the differences ob- 
served between concentrations at individual observation inter- 
vals were not, however, significant at the 0.05 level of proba- 
bility in these two experiments. There was no statistically 
significant difference in the way cells reacted to 3.5 r of x rays 
in vacuum, as compared with 100% (fig. 5) or to 64 r of x rays 
in vacuum as compared with 2% oxygen or in 2% as compared 
with 10% oxygen. 

In view of the statistically significant difference obtained 
between vacuum and 5% oxygen (64r) (fig. 2), the results 
obtained between 2 and 10% oxygen (64 r) —no statistically 
significant difference — seem out of line. The cylinder of 10% 


a 


——— 
» 5 
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oxygen used in this experiment was inadvertently returned 
to the vendor before its contents could be analyzed. Results 
of the experiment suggest that it did not contain the specified 
concentration of oxygen. 

Biometrical analysis of the data obtained from neuroblasts 
subjected to experimental conditions without irradiation was 
made in the same way as that described for the radiation 
experiments. It revealed that the mitotic rate of neuroblasts 
subjected to evacuation plus flushing with carbon dioxide, with 
air, or with oxygen or evacuation alone did not differ in a 
statistically significant manner from the mitotic rate of neuro- 
blasts which had received no treatment whatsoever. We can 
conclude that, under the conditions used, neither the lowering 
and raising of gas pressure nor the concentration of oxygen 
about the eggs have any detectable effect on neuroblast mitosis 
in the absence of radiation. 


Analyses for effects of oxygen on certain phases 
of mitotic response to radiation 


There are 4 phases of the mitotic response of neuroblasts 
to x radiation which are amenable to quantitative measure- 
ment: (1) the depth to which mitosis is depressed, (2) the 
duration of the period of minimum activity, (8) the time at 
which maximum mitotic activity occurs during recovery and 
(4) the total number of cells which go through mitosis within 
a given period of time following irradiation. 

Depth of mitotic depression. Figures 4 and 5 show that 
irradiation with 3.5 and 8r of x rays in 100% oxygen results 
in a slightly greater depression of mitosis (66 minutes after 
irradiation) than irradiation in vacuum. This difference was 
evaluated by Student’s ‘‘t’’ test and was found not to be 
statistically significant. In view of the possible non-normality 
of the data, several non-parametric, two-sample tests were 
employed as a further check, all with negative results — the 
extent to which mitosis is initially depressed by x radiation 
is affected only slightly, or not all all, by these two widely 
separated oxygen tensions. 
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AV NO. OF MID-MITOTIC CELLS PER EMBRYO 
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Fig. 2. Effects of 64r of x rays on mitotie count of neuroblasts irradiated in 
vacuum and 5% oxygen. @, vacuums ----- O, 5% oxygen. 
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Fig. 3 Effects of 64r of x rays on mitotic count of neuroblasts irradiated in 
vacuum and 100% oxygen. 7 v2c0un O, 100% oxygen. 
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Fig. 4 Effects of 8r of x rays on mitotic count of neuroblasts irradiated in 
vacuum and 100% oxygen. @, vacuum ----- O, 100% oxygen. 
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Fig. 5 Effects of 3.5r of x rays on mitotic count of neuroblasts irradiated in 
vacuum and 100% oxygen. @yvactum, === O, 100% oxygen. 
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Duration of period of minimum mitotic activity. The mean 
duration of the period during which there are no cells in mid- 
mitosis after irradiation was computed from the raw data 
for all embryos given 64r of x rays at each of the 6 concen- 
trations of oxygen used. The region of 95% confidence limits 
about each mean was computed in the usual manner (Hisen- 
hart et al., ’47). 

The results are presented graphically in figure 6a. A 
weighted least-squares line was fitted to the first 4 points 
and a weighted average was determined for the last two 
points. Intersection of the two linear segments occurs at 
about 13.2 + 2.2% ® oxygen. Thus, we see that the duration 
of the radiation-induced period of minimum mitotic activity 
increases with increasing concentration of oxygen and levels 
off at about 13%. 

Time of maximum mitotic activity. The untransformed 
mean intervals between irradiation and the time at which 
the peak of mitotic activity occurred in all embryos treated 
at each concentration of oxygen are presented in figure 6b. 
The 95% confidence limits for each mean interval were com- 
puted as described above for duration of minimum activity 
period. A line has been fitted by weighted least squares to the 
mean intervals obtained for the three lower concentrations 
of oxygen. The weighted average of the intervals for the 
three higher concentrations was computed. These two line 
segments intersect at about 6.8 + 0.4% ® oxygen. Thus, the 
interval between irradiation and maximum activity increases 
with increasing oxygen concentration up to about 7%, above 
which there is no further increase. 

Number of mitoses. The effect of different oxygen concen- 
trations on the number of cells going through mitosis within 
374 minutes following irradiation is expressed as a ratio of 
the total number of mitotic cells observed after irradiation 
at a given oxygen concentration to the total observed after 
irradiation at 0% oxygen. Ratios were calculated using only 


° The figure following the + symbols represents approximately a 95% confidence 
interval. 
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Fig. 6 a, Duration of inhibition period as a function of oxygen concentration. 
b, Time of maximum mitotic activity as a function of oxygen concentration. 
ce, Total number of mitotie cells within 374 minutes after irradiation as a function 
of oxygen tension (expressed as the ratio of the number of cells at a given con- 
centration of oxygen to the number at 0% oxygen [vacuum]). 
The interval about each point represents the region within the 95% confidence 
limits. 
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those experiments in which embryos had been irradiated 
simultaneously at 0% oxygen and at the oxygen concentration 
specified. In computing the confidence limits for the ratios 
the method of Geary (’30) was used. Since a ratio is generally 
subject to more variation than the numerator and denominator 
individually, the confidence limits are relatively wide. 

The ratios have been plotted against oxygen concentration 
in figure 6¢ and line segments fitted by the weighted least 
squares to the points. The points at 10 and 21% oxygen 
represent the average of two experiments for each concen- 
tration. The number of cells completing mitosis within 374 
minutes after irradiation decreases as the oxygen concentra- 
tion increases up to 10.0 + 0.2% ® and then levels off. 

It is of interest that the effects of radiation on mitosis 
increase rapidly with increasing oxygen concentration up to 
about 10% at which point they level off abruptly. Baker and 
Edington (752), studying the frequencies of x-ray-induced 
translocations and recessive lethals in Drosophila at varying 
tensions of oxygen have found that the frequencies of genetic 
effects increase sharply as oxygen concentration rises to about 
11%, but increasing tension above this level causes little or 
no further increment in the frequencies of effects produced 
by a given dose of x rays. These authors replotted the data 
of Giles and Beatty (’50) and Giles and Riley (’50) and found 
that, in Tradescantia, the frequency with which x-ray-induced 
chromosome interchanges occur bears a similar relationship 
to oxygen concentration. Just why the influence of oxygen 
concentration changes so abruptly at approximately the 10% 
level is not understood but is possibly related to concentration 


in the tissues. 
DISCUSSION 


The results of previous studies on the influence of oxygen 
on biological action of radiation have been interpreted in one 
of two ways: (1) oxygen alters the quantity of radiation dam- 
age (Thoday and Read, ’49; Giles and Beatty, 50; Giles and 


° The figure following the + symbols represents approximately a 95% confidence 
interval. 
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Riley, 50; King, Schneiderman and Sax, ’52); (2) oxygen 
modifies the quality as well as the quantity of radiation injury 
(Schwartz, 52). A review of the alterations in cell structures 
and in mitotic rate, which are responsible for the changes in 
mid-mitotie cell frequency after x radiation, is pertinent to 
an interpretation of the effects of oxygen in modifying the 
response of grasshopper neuroblasts to x rays. 

Preliminary work by Wolfson (’51) and Gaulden (unpub- 
lished) indicates that, after a dose of 64 r of x rays, approxi- 
mately half the neuroblasts treated in late prophase proceed 
to prometaphase with little delay. Of the remaining late 
prophases, some are retarded so that they do not reach mid- 
mitosis until 22-88 minutes after irradiation, while some 
undergo such drastic changes that they are delayed for con- 
siderably longer periods of time. The chromatin of these 
latter cells, as well as that of the majority of cells irradiated 
in middle prophase, gradually resumes the appearance of 
early prophase, very early prophase or interphase chromatin,’ 
i.e., the nuclei appear to revert to the early stages of mitosis. 
Consequently, for a while there are no cells entering mid- 
mitosis. The reverted cells gradually recover and resume 
their progress through mitosis, along with cells irradiated in 
early mitosis, whose progress was retarded little or none. 
Following the period of minimum activity, therefore, the 
frequency of mid-mitotic cells increases and overshoots the 
normal level, to reach a maximum, after which it returns to 
normal. The reaction of neuroblasts to 8 r and less of x rays 
is of a similar but less drastic nature. (Cell structures and 
mitotic progress of prometaphase, metaphase, and anaphase 
cells are unimpaired by 64r and less of x rays.) 

Thus we see that, at the doses used in the present study, 
reversion of middle and late prophase nuclei to earlier stages 
of mitosis is the event primarily responsible for radiation- 
induced mitotic inhibition. The depth to which mitosis is de- 
pressed by irradiation is determined by the number of cells 
which undergo reversion. Although it is very difficult to sepa- 


7See Carlson and Hollaender (’48) for description of mitotic stages. 
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rate injury and recovery in terms of cell activity, we feel 
that this response can be considered, in the main, to be a mani- 
festation of the initial damage of x rays to the cell. The 
duration of the period of minimum activity is determined by 
how far back into early mitosis the cells revert and how long 
they remain in the reverted condition. It represents in part 
the extent of injury produced and in part the rate with which 
the cells begin to make demonstrable recovery. The time and 
magnitude of maximum activity depend on the proportion of 
reverted cells which recover and on the rate at which they 


fh 
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Fig. 7 Relationship of effects of radiation on mitosis to the dose rate. 
@, Number of cells at depth of depression. 
—----- O, Number of cells (X 10) in the recovery period (110-198 minute period 
after irradiation). 


recover (reach mid-mitosis). The total number of neuroblasts 
that go through mitosis during 374 minutes after irradiation 
gives some indication of the combined extents of injury and 
recovery. 

If the sensitivity of mitotic response to an increase in dose 
of radiation, i.e., to an increase, presumably, in amount of 
injury, is examined, it will be seen that increasing the dose 
by a factor of about two results in a considerable increase 
in the depth to which mitosis is depressed (fig. 7). Increasing 
the dose of radiation by a factor of two has only a small effect, 
however, on the number of cells that recover following the 
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inhibition period (fig. 7). (The comparison of y rays [Carl- 
son, Snyder and Hollaender, unpublished] with x rays made 
in figure 7 seems valid in view of the fact that 64r of y rays 
alters mitotic activity to about the same extent as does 64r 
of x rays.) Thus depression of mitotic activity is considerably 
more sensitive to change in dose of radiation than is the 
number of cells showing recovery. 

The present work shows that the concentration of oxygen 
present during irradiation has little or no effect on the depth 
to which mitotic activity of neuroblasts is depressed by radia- 
tion. On the other hand, the duration of the period of mini- 
mum activity, the time of maximum activity, and the total 
number of cells going through mitosis reflect a more adverse 
effect of radiation when cells are irradiated at the higher than 
at the lower concentrations of oxygen. It would appear, there- 
fore, that oxygen does not influence the number of neuroblasts 
affected by radiation but does influence the extent of recovery. 
In other words, alteration of oxygen concentration does not 
seem to act in the same way as a change in the effective dose 
of radiation. 

The work of Schwartz (’52) on maize suggests that oxygen 
modifies the quality and not the quantity of initial radiation 
injury. He compared the frequencies of mutant kernels aris- 
ing from breakage with and without reunion. If the effect of 
oxygen is on the amount of initial breakage, one would expect 
that the two classes of mutant kernels would occur in 
the same proportions at different concentrations of oxygen. 
Schwartz has demonstrated, however, that the ratio of the 
two classes of mutant kernels derived from pollen irradiated 
in air (21% oxygen) differs significantly from the ratio ob- 
tained in kernels derived from pollen irradiated in nitrogen. 
This finding has led him to postulate that ‘‘chromosomes 
broken in the absence of oxygen are more capable of rejoining 
than chromosomes broken in the presence of oxygen.’’ Me- 
Clintock (’41) has suggested that the conditions under which 
chromosomes are broken may affect their subsequent behavior. 
On the basis of results of experiments with bacteriophage, 
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Hewitt and Read (’50) suggest that point gene mutations are 
not influenced by oxygen tension, but that mutations arising 
from chromosome aberrations are subject to oxygen effect. 
Baker and Edington (’52) have noted that the effects of oxy- 
gen on x-ray-induced recessive lethals and translocations in 
Drosophila can be interpreted in a similar manner. 

The effects of oxygen on radiation-induced chromosomal 
aberrations in maize, recessive lethals and translocations in 
Drosophila, and mitotie response of grasshopper neuroblasts 
indicate that the influence of oxygen on radiation effects 
involves more than merely a change in the amount of injury 
produced. The exact nature of the oxygen effect defies ex- 
planation at the present time, because not even the ultimate 
factors involved in the biological action of the radiation itself 
are well understood. 

Although the criterion for determining the extent of initial 
radiation damage in the neuroblast — depth of mitotic depres- 
sion — seems a reliable one, especially in view of its sensitivity 
for detecting differences in effects of doses of radiation dif- 
fering by only a few r, the possibility is not to be ignored 
that oxygen may alter the amount of damage produced by 
radiation. The effects of oxygen tension on radiation-induced 
reversion of prophase cells, which results in mitotie depres- 
sion, are being studied in considerable detail in the neuroblast 
in order to obtain more exact quantitative and qualitative 
data on this response to radiation. It is hoped that through 
such a study the action of oxygen with respect to injury and 
recovery can be further elucidated. 


SUMMARY 


1. Embryos of the grasshopper, Chortophaga viridifasci- 
ata, were exposed, in vivo, to 3.5, 8, or 64 r of x rays at differ- 
ent concentrations of oxygen: zero (nitrogen, carbon dioxide, 
or vacuum), 2, 5, 10, 21 (air), and 100% oxygen. Following 
irradiation the embryos were made into hanging-drop prepa- 
rations and mid-mitotie counts of the living neuroblasts were 
made at 22-minute intervals over a period of 6 hours. 


OXYGEN AND X-RAY EFFECTS ON MITOSIS 469 


2. Neuroblast mitosis i vivo is not affected by oxygen 
tension in the absence of radiation under the experimental 
conditions used. 

3. The influence of oxygen tension on 4 phases of mitotic 
response of neuroblasts to x rays was determined. The depth 
to which mitosis is depressed by x rays is affected only slightly 
or not at all by the oxygen present during irradiation. At 
concentrations of oxygen between 0 and 10%, the duration 
of the period of minimum mitotic activity and the interval 
of time between x raying and maximum mitotic activity are 
both positively correlated with oxygen concentration. The 
number of cells going through mitosis within 6 hours of treat- 
ment is negatively correlated with oxygen concentration. The 
effects of oxygen concentrations of 21 and 100% are not sig- 
nificantly different from.those obtained with 10% oxygen. 

4. The fact that neuroblasts do not respond to change in 
oxygen tension (at irradiation) in the same way as to a 
change in dose of radiation suggests that the influence of 
oxygen tension on the response of these cells to radiation 
involves more than merely a change in the amount of injury 
produced by the radiation. 
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INTRODUCTION 


The blood sugar and glycogen content of hibernating mam- 
mals has been the object of much study and has been ably 
reviewed by Suomalainen (’35) and Kayser (’50). All re- 
ports agree that the blood sugar of mammals in the hiber- 
nating state is lower than that of animals in the awake 
condition, although there has been considerable quantitative 
variation among the various investigations. It is also gen- 
erally agreed that glycogen is used as a source of energy 


during the vigorous process of waking from hibernation, so 


that liver and muscle glycogen is lowered as the animal 
arouses (Weinland and Riehl, 08; Ferdmann and Fein- 
schmidt, 732). On the other hand, there is little agreement 
concerning the amount of glycogen in the hibernating animal 
compared to that found in the non-hibernating state, nor have 
there been accurate quantitative measurements in the change 
of blood sugar and glycogen levels as an individual animal 
awakes from hibernation. 

Preliminary investigations with golden hamsters in this 
laboratory indicated that the blood sugar content ran counter 
to the general rule and was not lower during the hibernating 
state than when the animal was awake. Furthermore, modern 

1 This research was supported in part by Air Force Contract No. A F 33(038)— 
18133 and in part by the Milton Fund of Harvard University. 
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microchemical and histochemical methods provide improved 
means of determining the blood sugar and tissue glycogen 
levels in animals in the hibernating state and of tracing the 
changes which take place in individual animals during the 
process of awakening. It therefore appeared profitable to 
re-examine glucose and glycogen levels during the hibernating 
and awake conditions, with particular emphasis on the waking 
period. In addition, the location of stored glycogen and the 
areas of its depletion have been reinvestigated by a recently 
developed histochemical method. 


MATERIAL AND METHODS 


Hamsters (Mesocricetus auratus) over three months old and 
of both sexes were used in the experiments. Control animals 
were taken from stock in an animal room maintained at 
23° + 5°C. Hibernation was induced by placing the animals 
in individual cages in a cold room maintained at 5° + 2°C. as 
described in a previous paper (liyman, ’48). Control animals 
in the cold were similarly treated, but did not hibernate during 
the experiments. 

Samples for liver and muscle glycogen determinations in 
the deeply hibernating hamster were made in the cold room 
by securing the animal to a board, making an incision in the 
abdomen and removing a small piece of liver from the edge 
of the most convenient lobe. The wound was closed with 
surgical clips, another incision was made at the shoulder 
region, and a muscle sample was cut from the triceps brachii. 
The sample was cleaned of fascia, and both the liver and 
muscle samples were cut in two. One portion of each was used 
for quantitative chemical analysis, the other for histochemical 
localization of glycogen. 

Usually a small amount of arterial blood welled from the 
cut in the foreleg. One-tenth milliliter of this was drawn for 
blood sugar determination, and the cut was closed by sutures. 
If there was an insufficient amount of blood from this souree, 
the femoral artery was exposed and divided and blood col- 
lected after quickly ligating the vessel so that too much blood 
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would not escape. The whole operation took from 10 to 15 
minutes depending on the ease with which the blood sample 
was collected. Because the animals were hibernating, anaes- 
thesia was not necessary. 

After the operation was complete, the animal was fitted 
with cheek pouch and rectal iron-constantan thermocouples, 
as described previously (Lyman, ’48), and then placed on 
a bed of cotton wool. The rise in cheek pouch and rectal 
temperature was recorded on a Micromax thermoelectric in- 
strument.? Waking hibernators which showed an abnormally 
slow rise in body temperature were not included in the final 
data. 

At a suitable time during the process of arousal the animal 
was killed by a blow on the head. The heart was quickly ex- 
posed and removed for glycogen determinations. A sample 
of mixed blood was then drawn from the pericardial cavity. 
A sample of liver was severed from an uninjured lobe, and 
lastly, a muscle sample was removed from the triceps brachii 
of the intact foreleg. This whole operation took, at most, 4 
minutes. When the tissue samples were removed, two assist- 
ants immediately divided them, so that only a few seconds 
elapsed between the time the sample was taken and the time 
it was immersed in a suitable reagent. The tissue samples 
from control hamsters which were not hibernating were ob- 
tained in the same manner. 

In one series of experiments the blood supply of the liver 
was cut off by ligation to discover if the hibernator could 
awaken without this source of glycogen. The animals were 
eviscerated in the manner described previously (Lyman and 
Chatfield, 50). The stomach and intestines were removed 
completely, but the liver was left within the body cavity. We 
have shown that this operation stops the blood flow to the 
liver. After evisceration, a liver sample was taken immedi- 
ately and the abdominal cavity closed. The muscle and blood 
sample were then obtained as described above. In two of 
the eviscerated animals one lobe was separated from the rest 
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of the liver by means of an electric cautery knife and then left 
in the body cavity to determine the rate of anaerobic gly- 
colysis in completely unattached liver tissue. When the ex- 
periment was terminated, a sample from the undamaged 
portion of the isolated piece and a sample from an uninjured 
lobe were taken for comparison. Evisceration added about 
8 minutes to the sample-taking operation. 

In the initial measurements of blood sugar, the blood was 
obtained by heart puncture, or by cutting the femoral artery 
of unanaesthetized, hibernating hamsters. One-tenth milliliter 
blood was analyzed for blood sugar using the Folin and Sved- 
berg (’30) method.- Later, when liver and muscle glycogen 
were also measured, the blood sugar was determined by the 
anthrone method of Morris (’48), using 0.5 ml of blood filtrate 
prepared by Haden’s (’23) modification of the Folin-Wu 
technique. In a few cases the blood filtrate was colored, and 
these determinations have been omitted from the data. Com- 
parative determinations of two samples of blood showed a 
maximum difference of 4% between the two methods. 

The glycogen was obtained from the tissue samples by the 
method of Good, Kramer and Somogyi (733), using 2.0 ml 
KOH and tissue weights varying from .0113 to .1783 gm for 
the liver, .0124 to .5032 gm for the muscle and .0524 to .3613 
em for the heart. The glycogen was precipitated with two 
volumes of alcohol, centrifuged and dissolved in water. Ali- 
quots were taken for color development by the anthrone re- 
action of Morris. In both blood sugar and glycogen deter- 
minations involving the anthrone reagent the color was read 
in a Klett-Summerson colorimeter at 620 u. 

For histochemical localization of glycogen in liver and 
muscle, the tissues were fixed in chilled Rossman’s fluid (9 
parts saturated solution of picric acid in absolute alcohol, one 
part neutral formalin), dehydrated, and imbedded in paraffin 
(Deane, Nesbett and Hastings, *46). Sections of 5u were 
treated with periodic acid-leucofuchsin (Schiff) reagents for 
staining tissue polysaccharides (McManus, ’48; Hotchkiss, 
48). In order to determine that glycogen deposits were being 
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stained and to differentiate them from other tissue polysac- 
charides, the glycogen was removed from control sections by 
digestion in 1% malt diastase, pH 6.8, for 15 minutes at room 
temperature prior to staining (Lillie and Greco, ’47). 


RESULTS 


Carbohydrate levels in the hibernating and 
non-hibernating states 


A comparison of the blood sugar and the glycogen content 
of liver, skeletal muscle and heart in hibernating hamsters 


TABLE 1 


Average tissue carbohydrate levels in control hibernating and non-hibernating 
hamsters. The figures for the hibernating animals that were sub- 
sequently aroused (tables 2 and 3) are included here 


LIVER MUSCLE HEART 


LLANE MAE GLYCOGEN GLYCOGEN GLYCOGEN 


CONDITION 


No. ave. 8.D. 


No. t , to) 
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mg Yo mg/ gm mg/gm mg/gm 
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warm room Cees » 18.8 5 36.8 14.4 6 6.7 2.5 4 det 0 


and in hamsters awake in the cold room or the warm room 
is given in table 1. As is to be expected in animals fed ad 
libitum, there is a great variation between individuals within 
each group. However, except for the glycogen content of the 
heart, there appears to be very little difference among the 
three groups. The awake animals, whether in cold or warm 
environments, are virtually identical. The hibernating ham- 
sters exhibit a consistently higher level of heart glycogen 
and their blood sugar is somewhat higher than that of non- 
hibernators. The latter finding is of particular interest in 
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view of the fact that in all hibernating animals previously 
studied (Kayser, 50) the blood sugar has been significantly 
lower than in the awake animals. 

The effect of the state of nutrition of animals in hibernation 
was tested by waking 4 hibernators and letting them re-enter 
hibernation without being allowed to eat. When they were 
killed two days later, it was found that there was still some 
food in the esophageal portion of their stomachs. The pyloric 
and fundic portions and the small intestines were filled with 
a mucous-like substance which we have found to be present 
in all hamsters during hibernation (see Bensley, ’02, p. 138 
for nomenclature of the parts of the stomach of Cricetus 
frumentarius). The caeca were filled with material, a con- 
dition which is also typical of normal hibernation. These 
animals must have been approaching the starvation level, 
however, for two other hibernators which had been denied 
food subsequently woke a second time, 4 to 5 days later, and 
then died within 24 hours after the second waking. The blood 
sugar and liver and muscle glycogen of the 4 animals which 
entered hibernation without eating were well within the nor- 
mal ranges, as shown in table 1. The heart glycogen, however, 
was almost double that found in normal hibernators. 


Carbohydrate changes durimg arousal 
from hibernation 

In studying the changes in carbohydrates during the proc- 
ess of waking from hibernation, we attempted to obtain 
samples of blood, liver and skeletal muscle at the start, in 
the middle, and at the end of the waking process. With one 
exception (see figs. 1, 2 and 3), we found that such a pro- 
cedure was too traumatic and that the hamster started to 
chill after the second sample had been taken. It was therefore 
necessary to limit the study to two samples of each tissue 
from a single waking animal. 

It is of some incidental interest that the cause of chilling 
after the second sample had been taken appeared to be loss 
of vasomotor control. It has been emphasized previously 
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(Lyman and Chatfield, 50; Chatfield and Lyman, ’50) that 
an essential part of the waking process is a differential vaso- 
constriction, so that the anterior part of the animal warms 
much more quickly than does the posterior portion. Appar- 
ently this mechanism was disturbed when the second tissue 
samples were taken, because immediately thereafter the rectal 
temperature rose to the level of the cheek pouch temperature. 
We have never observed a hamster which is capable of waking 
from hibernation if the loss of vasomotor control has neces- 
sitated warming the whole body at once. 

During the first 50 to 70 minutes of the waking process 
there was little change in the level of stored carbohydrate 
compared to that found in the hibernating animal. Thus, in 
a series of 6 of these animals the blood sugar averaged 126 


TABLE 2 


Diminution in glycogen in liver and skeletal muscle during arousal from hibernation, 
expressed as averages for 8 animals 


START OF WAKING END OF WAKING 
Liver glycogen, ave. 37.0 (S.D.,10.9) mg/gm 13.5 (S.D., 9.4) mg/gm 
Muscle glycogen, ave. 6.3 (8.D., 1.9) mg/gm 2.1 (S.D., 1.5) mg/gm 


(S.D. 27) mg %, the liver glycogen 35.5 (S.D. 12.4) mg/gm 
and the muscle glycogen 7.6 (S.D. 2.3) mg/gm. 

It was during the last two or more hours, when body tem- 
perature was rising rapidly, that the significant changes in 
carbohydrate levels took place. In spite of the great varia- 
bility in liver and muscle glycogen at the start of the waking 
process, both of these sources of stored energy were invari- 
ably much lower by the time the animal had warmed itself 
to 37°C. This is shown above in table 2 for a series of 9 ani- 
mals. 

One hamster, which is not included in the above table, is 
of especial interest. When the first sample was taken, it was 
noted that the liver appeared to be unusually fatty, and this 
was later verified by histological examination. The liver gly- 
eogen at the start of waking was 7.1mg/gm, which is ab- 
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normally low. At the end of a normal waking period there 
was only a trace of glycogen in the liver (.11 mg/gm) showing 
that the animal had totally exhausted this source of energy. 
The muscle glycogen dropped from 4.0 to 2.6 mg/gm, a change 
well within the range established for normal arousal from 
hibernation. 

Direct comparison, in a single animal, of heart muscle dur- 
ing hibernation and after waking was, of course, impossible. 
However, the average value for glycogen in 4 hibernators 
was 4.6 mg/gm (table 1), while the average value for 11 ani- 
mals just after waking was 2.8 (S.D. .8) mg/gm, somewhat 
higher than that found in normal awake animals. It is there- 
fore apparent that all three of these stores of carbohydrate, 
the liver, skeletal muscle and cardiac muscle, are depleted 
markedly during the waking process. 

There were no definite trends in blood sugar changes from 
the beginning to the end of the waking process. Usually only 
a slight rise or fall in blood sugar occurred, well within the 
limits established for awake animals and hibernators (110 to 
150 mg %), although in two cases out of 10, the final blood 
sugar rose to over 300mg % and one other animal had a 
final blood sugar of 195 mg %. The blood sugar never dropped 
to hypoglycemic levels during the waking process, for the 
lowest terminal blood sugar was 95 mg %. 

Carbohydrate changes during arousal with liver isolated. 
In view of the apparent role of the liver as a source of energy 
during arousal, it seemed pertinent to examine further the 
observed fact that hamsters can wake from hibernation with 
the blood supply to the liver completely cut off (Lyman and 
Chatfield, 50). To this end, a series of 4 hamsters were 
eviscerated during hibernation and samples of blood, muscle 
and liver removed in the usual manner. In the process of 
evisceration the blood supply to the liver is cut off completely 
by ligation. Although in the previously described evisceration 
experiments (Lyman and Chatfield, 50) the highest recorded 
cheek pouch temperature was 32°C., in the present experi- 
ments the cheek pouch temperature rose to the normal level 
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of 37°C. As is the usual case in eviscerated hibernators, the 
rectal temperature rose only slightly. When the cheek pouch 
temperature reached 37°C., the hamsters did not present the 
normal appearance of awakened hibernators, for they moved 
with difficulty and felt stiff to the touch. _ 

A comparison of the blood sugar of these animals in hiber- 
nation with the final blood sugar when they had wakened 
showed a drop from an average of 129 (S.D. 9.0) to the hypo- 
glycemic average level of 44 (S.D. 9.1) mg %. Muscle gly- 
cogen dropped from 9.6 (S.D. 0.3), to 5.6 (S.D. 3.2) me/gm, 
a diminution similar to that found in normal waking hiber- 
nators. The liver, which was isolated from its blood supply 


TABLE 3 


Diminution of glycogen in the livers of two animals during arousal, after the blood 
supply to. the liver had been cut off by ligation and after one lobe 
had been severed completely but left in the body cavity 


COMPLETHRLY 


LIVER GLYCOGEN LIGATED LIVER 
ANIMAL WHILE HIBERNATING AFTER WAKING feere on ebay 
652 18.7 mg/gm 7.3 mg/gm 7.2 mg/gm 
677 27.6 mg/gm 3.1 mg/gm 6.8 mg/gm 


by ligation, showed a decline from an average of 31.0 (S.D. 
10.8) to 9.3 (S.D. 5.0) mg/gm. That this decline in liver gly- 
cogen was due to anaerobic glycolysis was demonstrated in 
two of the animals by comparing the glycogen content of the 
intact liver isolated from its blood supply with a piece of 
liver lying completely free in the body cavity, as is shown 
in table 3. 

In three eviscerated animals which were killed as soon as 
the body temperature reached 37°C., the heart glycogen was 
slightly higher than that found in the uneviscerated waking 
hibernators (3.5 compared to 2.8 mg/gm). The 4th eviscerated 
animal was killed one hour and 40 minutes after the peak 
temperature was reached, during which time the cheek pouch 
temperature declined slowly. The glycogen in the heart of 
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this animal was .35mg/gm, which low figure probably re- 
flects the exhaustion of stored glycogen. 


Histochemical localization of tissue glycogen 


The sites of stored glycogen and the changes in its amount 
and distribution during the process of arousal were demon- 
strated by the periodic acid-Schiff procedure in tissue sec- 
tions. In preliminary experiments, tissue samples from each 
lobe of the liver and from different parts of single lobes in 
both hibernating and awake animals were compared. Gly- 
cogen concentration and distribution were found to be uni- 
form throughout the liver in each individual, hence only single 
samples were taken in subsequent experiments. Hstimations 
of relative amounts of glycogen made by microscopic inspec- 
tion of the sections showed good correlation with the chemical 
determinations in liver and in heart, so that the histochemical 
preparations served as controls for the chemical determina- 
tions. : 

Liver glycogen varied in amount in different individuals 
among the hibernators and the awake animals but, as was 
shown by the chemical determinations, there was no pro- 
nounced difference in glycogen concentration between these 
two groups of animals. On the other hand, there was a definite 
difference in the distribution of the glycogen. In 7 out of 8 
awake animals in either cold or warm rooms the greatest 
concentration of glycogen was found in the central zone of 
the hepatic lobules, whereas in 4 fasting hibernators and in 
17 out of 22 normal hibernators the glycogen was uniformly 
distributed throughout the lobules (fig. 1) and in three there 
was a somewhat heavier deposit of glycogen in the portal 
zone of the lobules. It is to be expected that considerable 
variation in the distribution of glycogen in the liver might 
occur in awake animals that are fed ad libitum. All the ani- 
mals described here were killed at the same time of day, so 
the similarity of glycogen distribution in their livers may 
represent a stage in a normal diurnal cycle of glycogen de- 
position and utilization (Deane, ’44). In the hibernating ani- 
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mals the rate of metabolism is so low there presumably is 
very little turnover of stored foodstuffs and the more uniform 
distribution of glycogen within the liver lobule and the simi- 
larity of this distribution in a large number of animals are 
not surprising. 

During arousal from hibernation a diminution in the amount 
of glycogen occurred throughout the hepatic lobules (figs. 
1, 2, 3). In 7 out of 9 animals that were allowed to awaken 
completely, however, there was a distinctly greater loss of 
glycogen from the central zone than from the portal zone 
of the lobules. Under other conditions of glycogenolysis, in 
the livers of mice and of rats, Deane and co-workers (Deane, 
44; Deane, Nesbett and Hastings, 746) found that glycogen 
loss occurred first from the central zone of the hepatic lobule 
and that only in the final stages of liver glycogen depletion 
did the decline in glycogen concentration proceed more rapidly 
in the portal zone than in the central zone. 

Glycogen in skeletal muscle usually was precipitated in close 
proximity to the Z membrane which transects the muscle fiber 
or, when glycogen was fairly abundant, it appeared in rows 
between the fibrils. We were unable to predict the glycogen 
content of muscle by inspection of histochemical preparations, 
but a diminution in the amount of glycogen in a single indi- 
vidual during arousal always was evident. 

The glycogen of the heart is extremely labile (Illingsworth 
and Russell, 51) and in spite of our attempts to fix it as rapidly 
as possible in a chilled fixing fluid which minimized the migra- 
tion of glycogen in liver cells (Deane, Nesbett and Hastings, 
46) all glycogen in all cardiac muscle fibers drifted to one 
side of the cell. The glycogen content of this tissue, there- 
fore, could be evaluated only from cross sections of the fibers 
or from longitudinal sections which included the compacted 
mass of glycogen. In spite of this difficulty, good correlation 
was obtained between chemical determinations of glycogen 
concentration and estimations of relative glycogen content 
from tissue sections. Heart glycogen was most abundant in 
fasting hibernators (fig. 6), distinctly less abundant in non- 
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fasting hibernators (fig. 5) and least abundant in awake con- 
trols and in aroused animals (fig. 4). Thus, the histochemical 
preparations provided visual confirmation of the diminution 
of glycogen in the liver, skeletal muscle and heart during the 
process of arousal from hibernation. 


DISCUSSION 


Carbohydrate levels in hibernating and non-hibernating 
states. It is apparent that the blood sugar and the liver and 
muscle glycogen of the hibernating hamster are essentially 
within the normal range when compared to the awake animal. 
The heart glycogen level, on the other hand, is significantly 
higher during the hibernating state. All of these factors 
show wide fluctuations both in the awake and the hibernating 
state, and without a very large series of measurements it is 
not possible to determine whether there is a greater variation 
when the animal is hibernating or when it is awake. 

It is unique that the blood sugar in the hibernating hamster 
actually averages slightly higher than in the awake animal. 
Since the work of Dubois (1896), whose figures now appear 
questionable, it has been generally agreed that the blood sugar 
of hibernating mammals is lower than when the animals are 
not hibernating (Suomalainen, ’85; Kayser, 750). Dworkin 
and Finney (’27) believed that hypoglycemia was an essential 
prerequisite of hibernation and they produced a hypothermic 
state in the woodchuck (Marmota) by injecting large amounts 
of insulin. Suomalainen (’39) obtained a state similar to 
hibernation by injecting hedgehogs (Erimaceus) with a mix- 
ture of magnesium and insulin. Other workers, however, have 
questioned the validity of Dworkin and Finney’s results 
(Dische et al., 381; Lyman, R. A., ’43) and have shown (Fein- 
schmidt and Ferdmann, ’32; Musacchia and Wilber, ’51) that 
ground squirrels (Citellus) often hibernate when the blood 
sugar is very near normal. 

The high blood sugar in hibernating hamsters when com- 
pared with other hibernating rodents may be explained by a 
difference in habits. Many rodents, including the woodchuck 
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(Marmota), ground squirrel (Citellus) and doormouse (My- 
oxis) become very fat in the fall and hibernate for long un- 
interrupted periods. Kayser (’40) reports a doormouse (My- 
oxis) which hibernated continuously for 110 days. On the 
other hand, at least in the laboratory, the hamster tends to lose 
weight before entering hibernation (Lyman, ’48). In a series 
of over 600 animals in this laboratory the average period of 
continuous hibernation has been less than 10 days. After a 
few days in hibernation the hamster awakens, eats and drinks 
a little and returns to the hibernating state. 

Although the life history of hibernating animals is not 
known well enough to draw definite conclusions, it appears 
likely that mammals which become obese before hibernating 
depend on their stored fat for energy during hibernation and 
tend to remain in the hibernating state for long periods. Mam- 
mals such as the hamster, which store food, do not need to 
build up fat as a source of energy, but probably waken from 
hibernation more often in order to restore their energy sources 
by eating. If this hypothesis is correct, one would expect that 
the blood sugar of animals which hibernate for long periods 
would tend to become lower as the animal continued in the 
hibernating state. Feinschmidt and Ferdmann (732) in a 
small series of ground squirrels (Citellus) have indicated 
that this does occur. Our determinations with the hamsters 
show no indication of a drop in blood sugar in animals which 
have hibernated continuously for as much as 7 days, but the 
variation in the blood sugars of normal hibernators is so 
great that only a striking decline would be significant. 

The 4 animals which had been deprived of their food after 
waking from hibernation exhibited no lower than average 
blood sugar or liver and muscle glycogen when they returned 
to the hibernating state, and heart glycogen was higher than 
normal. Since there was still food in the esophageal portion 
of their stomachs, it would seem that they had not reached 
a starvation level. However, the death of the animals which 
awakened a second time after being deprived of food shows 
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that it is essential for hibernating hamsters to eat during the 
short periods when they are awake. 

Whatever the reason for high blood sugar in hibernating 
hamsters, it is apparent that the premise that low blood sugar 
is a prerequisite to hibernation finds an exception in this 
rodent. 

It seems significant that the glycogen of the heart is higher 
in the hibernating state than when the hamsters are not hiber- 
nating, for we have previously emphasized (Lyman and Chat- 
field, 50; Chatfield and Lyman, ’50) that the heart is of pri- 
mary importance during the waking process and that there 
is an increase in heart rate before any measurable rise of 
body temperature. With a high glycogen content, the heart 
of the hibernating hamster is capable of increasing its work 
load at the start of the waking process without depending on 
some exogenous source for energy. 

Carbohydrate changes during arousal from hibernation. 
Comparative measurements of liver and muscle glycogen in 
individual animals (table 2) show that no matter what the 
level of liver and muscle glycogen at the start of waking from 
hibernation may be, both of these stores of energy are lower 
when the waking process is complete. A comparison of the 
heart glycogen of the normal hibernator with that of animals 
newly aroused from hibernation indicates that there is also 
a decline in glycogen in this organ. The depletion of glycogen 
takes place during the last two or three hours of the waking 
process, when the animal is shivering, the heart rate is in- 
creasing, and body temperature is rising rapidly. 

In spite of the great expenditure of energy during the 
process of arousal, the blood sugar is usually maintained at 
normal levels and never drops to a dangerously low level. 
In a few cases an abnormally high blood sugar is found in 
a newly awakened hamster. We were unable to correlate the 
appearance of this hyperglycemia with any particular condi- 
tion of the liver glycogen or with the speed of the awakening 
process. Gemmill (’42) points out that a rise in blood sugar 
often occurs in athletes during severe but not exhaustive 
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exercise. Arousal from hibernation could perhaps be classified 
in this category (Lyman, 48). 

By isolating the liver of animals while they are hibernating, 
it is possible to show that the hamster is still capable of 
warming the anterior portion of its body to homeothermic 
levels. When the liver is ligated, however, a profound hypo- 
glycemia occurs when the hibernator awakens. This demon- 
strates that the liver is a necessary source of glycogen in the 
normal process of arousal from hibernation. 

It is well established that the glycogen of muscle is utilized 
directly as a source of energy, but that it cannot serve directly 
as a source of blood glucose (West and Todd, ’51). This is 
confirmed in the experiments reported here. In the evis- 
cerated animals, in spite of the pronounced hypoglycemia 
which developed during arousal, the drop in muscle glycogen 
was no greater than that in normally awakening hamsters. 
The hamster mentioned above that had an unusually fatty 
liver emphasizes this point. The liver contained little gly- 
ecogen at the beginning of arousal, and although this was 
reduced to only a trace by the time the animal was fully 
awake, the drop in muscle glycogen was no greater than in 
other aroused animals. The loss of glycogen in skeletal muscle 
apparently represents that utilized, in part at least, by the 
muscle itself when the animal is shivering and making gross 
movements. 

The diminution in heart glycogen during arousal, as sug- 
gested above, is probably the result of its utilization by the 
cardiac fibers during the rapid increase in the activity of the 
heart, especially during early stages of arousal. Heart gly- 
cogen is high in hibernating hamsters and falls to normal 
levels during normal arousal. The animals which awakened 
from hibernation and were deprived of food showed excep- 
tionally large amounts of glycogen in the heart. Macleod 
and Prendergast (’29) have reported that there is an increase 
in glycogen in the heart of rats under conditions in which 
elycogen stores in the rest of the body become abnormally 
low, and it is possible that the same mechanism is operating 
here. 
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Viewing the process of arousal from hibernation as a whole, 
we have previously suggested on the basis of other evidence 
that this process was actuated and mediated by the sympa- 
thetico-adrenal system (Liman and Chatfield, ’50; Chatfield 
and Lyman, ’50). The classical studies of Cannon (’25) and 
his co-workers have shown that the sympathetico-adrenal sys- 
tem is of prime importance in the mobilization of carbohydrate 
during times of physiological stress. The integrated utili- 
zation of carbohydrates during the process of arousal gives 
added credence to the importance of this system during this 
organized and energetic phase of the hibernating cycle. 


SUMMARY 


Blood sugar and liver, heart and skeletal muscle glycogen 
of hamsters in the hibernating and non-hibernating states 
and during arousal from hibernation were studied by micro- 
chemical and histochemical methods. 

In spite of wide individual variations in each group, hiber- 
nating hamsters and non-hibernating hamsters in either cold 
or warm environments exhibited no significant differences 
in liver and muscle glycogen. The hibernators, however, were 
found to have significantly higher levels of heart glycogen 
and, unlike other hibernating mammals which have been 
studied, they have a somewhat higher blood sugar than the 
non-hibernating hamsters. This indicates that a low blood 
sugar is not:a prerequisite of hibernation, as has been pre- 
viously stated. In animals that were prevented from eating 
before they entered hibernation, the blood sugar and the liver 
and muscle glycogen were well within normal ranges for 
hibernators, but the heart glycogen was almost double that 
found in normal, non-fasting hibernators. 

During arousal from hibernation there was little change in 
tissue glycogen levels in the first hour, but subsequently, when 
body temperature rose rapidly, there was a marked loss of 
elycogen from liver, muscle and heart. Glycogen loss occurred 
uniformly throughout all cardiac and skeletal muscle fibers. 
In the liver some glycogen diminution took place throughout 
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the hepatic lobule, but the greatest loss occurred in the central 
zone of the lobule. 

There were no definite trends in blood sugar changes from 
the beginning to the end of the waking process. There was 
usually only a slight rise or fall in blood sugar, well within 
the limits established for hibernating animals. However, in 
hamsters in which the blood supply to the liver was cut off 
by ligation at the beginning of waking, the blood sugar 
dropped to hypoglycemic levels by the time that the anterior 
portion of the animal had warmed. The change in muscle 
glycogen was similar to that found in normal waking hiber- 
nators. 

It would appear from these results that the liver is the 
source of glycogen necessary for the maintenance of the blood 
sugar level during the normal process of arousal from hiber- 
nation. The diminution in heart and muscle glycogen during 
arousal probably represents that utilized directly by these 
tissues during the period when there is an increase in heart 
rate, when the animal is shivering and when movement be- 
gins. The mobilization of carbohydrates again emphasizes 
the importance of the sympathetico-adrenal system during 
the process of arousal from hibernation. 
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PLATE 1 


EXPLANATION OF FIGURES 


Photomicrographs of 5m sections fixed in Rossman’s fluid and stained with 


periodic acid-Schiff for the demonstration of glycogen. A Wratten B green filter 
was used to accentuate the fuchsin color and all pictures were printed to produce 
comparable color intensity. 


i 


Liver of a hibernating hamster fixed 43 minutes after the beginning of arousal. 
In this and in the two following figures the portal zone of the hepatic lobule 
is at the left, the central zone at the right. A large amount of glycogen is 
uniformly distributed throughout the lobule. Chemical determination of gly- 
cogen content: 40.9mg/gm. X 125. 


Liver of the same animal fixed 34 minutes later when cheek pouch temperature 
had risen to 11°C. Glycogen loss is evident throughout the lobule but is more 
pronounced in the central zone. Chemical determination of glycogen content: 
33.2 mg/gm. X 125. 


Liver of the same animal fixed when arousal was complete, 130 minutes after 
the beginning of waking. Glycogen concentration has diminished further 
throughout the lobule. It is abundant only in those cells contiguous to the 
portal canal, almost absent in the middle zone of the lobule, and irregularly 
distributed in a mosaic pattern in the central zone. Chemical determination of 
glycogen content: 8.4mg/gm. X125. 


Cardiac muscle from a control hamster maintained in a warm environment. A 
very small amount of glycogen can be detected as fine dark granules deposited 
along one side of each muscle fiber. Chemical determination of glycogen con- 
tent: 2.13 mg/gm. X 300. 


Cardiac muscle from a normal hibernating hamster. Glycogen is much more 
abundant than in control above. Chemical determination of glycogen content: 
4.04mg/gm. X 300. 


Cardiac muscle from a hibernating hamster which had been deprived of food. 
A heavy accumulation of glycogen is present throughout all muscle fibers. 
Chemical determination of glycogen content: 8.56mg/gm. X 300. 
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PHOSPHOPROTEIN PHOSPHATASE ACTIVITY 
IN NORMAL, HAPLOID AND HYBRID 
AMPHIBIAN DEVELOPMENT ? ? 


LISELOTTE MEZGER-FREED 
Department of Zoology, Columbia University, New York City, N. Y. 


SIX FIGURES 


The observation that food sources for embryos and young 
(i.e., yolk and milk) contain a high proportion of phospho- 
proteins compared to already differentiated tissues (Need- 
ham, ’31) indicates that an investigation of the phosphoprotein 
metabolism and distribution would provide a clue to some 
developmental processes. In 1946 Harris discovered in frogs’ 
eggs an enzyme, phosphoprotein phosphatase (PPPase), 
which separates phosphate from protein without previous 
hydrolysis. Barth and Jaeger (’50, ’51) found that the en- 
zyme may be active in a transfer system having ATP as one 
of its components; it was suggested that phosphoprotein may 
be not only a source of inorganic phosphate and of protein 
building material, but perhaps also a store of high-energy 
phosphate bonds. 

An investigation of the PPPase activity during develop- 
ment of the normal, haploid and hybrid Rana pipiens em- 
bryos, as well as the distribution of PPPase activity in the 
gastrula of the normal and hybrid embryo, was undertaken 
as a basis for further study of the enzyme. Enzyme activity 
at gastrulation would be of special interest since PPPase 
may well be active in the morphological changes occurring at 

1This work was supported in part by a research grant from the Division of 
Research Grants of the National Institutes of Health, Public Health Service. 

? A dissertation presented to the faculty of the Department of Zoology of Colum- 
bia University in partial fulfillment of the requirements for the degree of Doctor 
of Philosophy. 
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this stage. The hybrid Rana pipiens ° & Rana sylvatica ¢, 
which does not gastrulate (Moore, ’46), would be expected 
to have a different PPPase activity from the normal embryo 
if the enzyme activity is correlated with gastrulation. 

The activity was measured as the amount of phosphate 
phosphorus released from endogenous substrate in a brei 
per 10 minutes per embryo or per dry weight unit. The 
assumption is made that any differences in enzyme activity 
represent at least potential differences in the living embryo. 
The activity was determined in breis of normal Rana pipiens 
embryos from stages 1—25, in haploid embryos to stage 23 
and in hybrids to stage 11, as well as in the various regions 
of the normal and hybrid gastrulae at stage 10. 

An increased activity before dorsal lip formation was ob- 
served in all three types of embryos. After gastrulation in 
the normal and haploid embryos, the activity resumes its 
former level until the neural-tube stage, after which it de- 
creases steadily. Differences between haploids and normals, 
if any, are too small to be detected in the number of experi- 
ments performed. However, the hybrid embryo has a shorter 
period of increased activity than the normal one. A further 
difference is evident upon analysis of the parts of the gastrula. 
In the normal embryo the regions above and below the dorsal 
lip have an equal PPPase activity, whereas in the hybrid the 
activity above the dorsal lip is significantly lower than the 
activity below the dorsal lip. 


METHODS 


Obtaining of embryos. The method used for obtaining eggs 
is outlined in Barth (’46). Fertility was better than 95% 
except in eggs available during the summer months, when 
it was as low as 70%. For hybrids, eggs from the same 
female were stripped into two suspensions, one of sylvatica 
sperm, the other of pipiens sperm; the latter provided a 
normal control for the hybrid. 

The method of Rugh (’39) was used to obtain the gyno- 
genetic haploids. One testis of a frog was placed intact in 
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10% Ringer’s in the icebox; the other testis was laid on 
Ringer soaked cotton in a celluloid dish with cover. Except 
in one case, the dish was in an ice-bath for the whole period 
of exposure to radiation. A dosage of 70,000 r, shown by 
Rugh (’39) and Briggs (’51) to produce haploids, was given; 
the testis was exposed to 75.7 r/minute for 92.5 minutes, the 
machine operating at 210 kilovolts and 15 milliamperes at a 
target distance of 20cm. A .11 Cu and a .5 Al filter were 
used to absorb long x rays. After exposure, the testis was 
placed in a vial of 10% Ringers on ice until ready for use, 
which was within the hour. Two separate sperm suspensions, 
one of irradiated, the other of control sperm, were made a 
few minutes apart and eggs from the same female stripped 
into both. The summer eggs used were about 70% fertile with 
control sperm, but only 35% with irradiated sperm. 

Sperm which has been irradiated with a total of 50,000 r 
or more, according to Rugh (’40), is able to activate the egg 
but make little or no genetic contribution; about 90% of the 
eggs so treated are haploids (Briggs, ’51). Although no 
actual count was made in the present experiments, it was 
observed that very few individuals produced did not have 
symptoms of haploidy, i.e., shorter length, curved back, edema. 
Moreover, chromosome counts on stages 20-25 using an aceto- 
carmine tail-tip smear method (Ting, ’50) showed that of 
21 individuals examined from the 4 experiments, only one 
was diploid (2n = 26). This is assumed to be the one embryo 
of normal appearance among those counted. 

Determination of enzyme activity im whole egg breis. Eggs 
of the desired stage (Shumway, ’40) were taken from the 
14°C. environment and placed in a stender dish in an ice-bath. 
Under the binocular microscope the jelly was removed from 
15 eges which were dropped into a graduated centrifuge tube. 
The solution was carefully brought to 3ml with more 10% 
Ringers and poured into a glass Ten Broeck homogenizer in 
an ice-bath. After homogenization the brei was stirred by 
blowing through a pipette and 0.5 ml aliquots were immedi- 
ately pipetted into the following solutions in a 26°C. water 
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bath; three tubes containing 0.5 ml each of 0.2M glycine buf- 
fer at pH 3.5, and two tubes containing in addition 0.5 ml of 
a solution of 10% trichloroacetic acid and 0.4% uranium ace- 
tate. The tubes were immediately mixed by shaking and 
after 10 minutes’ incubation at 26°C., the trichloroacetic acid 
solution was also added to the three tubes not already con- 
taining it. The fact that the phosphate in the control tubes 
was negligible demonstrates that little or no enzyme activity 
takes place in the ice-bath and that addition of trichloroacetic 
acid stops the reaction almost immediately. 

The pH of the buffer was checked in a Beckman pH meter 
both before and after the addition of brei. At a buffer pH 
of 3.5 addition of homogenate caused a deviation of less than 
0.1 pH units. 

In order to determine the inorganic phosphate released by 
the enzyme, a modification of the Fiske and Subbarow (’25) 
method was applied. After allowing the proteins to precipi- 
tate for at least half an hour, distilled water was added to 
9ml and the tubes centrifuged at low speed for 10 minutes. 
The clear supernatants were decanted into another series of 
centrifuge tubes and 1.2 ml molybdate plus 4N H,SO, solu- 
tion added. A cloudiness was produced which would eventu- 
ally resolve itself into a light yellow precipitate. A second 
centrifugation was therefore performed, the supernatant de- 
canted into calibrated Klett tubes and 0.4 ml reductant, amino- 
naphtholsulfonic acid, added as well as enough distilled water 
to bring the solution to 10ml. Neutralization prior to this 
step was unnecessary because of the use of uranium acetate 
instead of a strong TCA solution. After 10 minutes’ color 
development, the tubes were read in a Klett-Summerson 
colorimeter with a no. 66 filter. The instrument was set at 
zero with distilled water and the control subtracted from the 
experimental reading. Using a standard curve, values were 
then calculated to read in terms of micrograms P released 
per egg per 10 minutes. 

Because the centrifugation after the addition of molybdate 
solution is a new step in the Fiske-Subbarow procedure, a 
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series of experiments was performed to determine whether 
or not significant amounts of phosphate are lost. The above 
procedure was followed using various amounts of active or 
inactive homogenate in combination with several concentra- 
tions of standard phosphate solution; the results showed that 
phosphate recovery was not significantly changed by the cen- 
trifugation. 

Microchemical determination. The reference standard for 
the determination of enzyme activity for parts of the egg was 
dry weight instead of the whole egg itself. The determination 
of phosphate was again that of Fiske and Subbarrow, but 
scaled for from 0-4 yg phosphate P. The parts were taken 
from a ring-shaped piece of tissue extending through the 
animal and vegetal poles and through the dorsal lip. In this 
way samples of possible animal-vegetal and dorso-ventral 
gradients could be obtained. 

The eggs were dissected according to the method of Sze 
(752) in Holtfreter’s solution at the beginning of gastrulation 
when pigment was just beginning to aggregate and the dorsal 
lip to form. After being excised with a tungsten needle, the 
ring of tissue was cut at the animal pole, laid flat and the 
resulting strip divided into 6 parts; the first two cuts were 
made at the edge of the tufts of yolk at the top and the bot- 
tom of the strip, the former cut at the dorsal lip. The middle 
piece was divided in half (at the animal pole) and each of 
the resulting two pieces cut in two. The 6 pieces were num- 
bered D, 1, 2, 3, 4, V, starting from the region below the 
dorsal lip, thence to the animal pole and ending with V in the 
ventral yolk zone. Thus the vegetal pole is between parts 
D and V, the animal pole between 2 and 3. They were re- 
moved to corresponding dishes of Holtfreter’s in an ice-bath 
with a wide-mouthed medicine dropper. About 15 eggs were 
dissected for each experiment. 

Before homogenization, salts were removed by transferring 
the tissue through two changes of distilled water and into a 
200 pl microcentrifuge tube in an ice-bath. About 150 ul water 
were added and the tissues homogenized by plunging a bead- 
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tipped stirring rod to the bottom of the tube several times. 
After stirring by blowing through the pipette, 50 ul aliquots 
were transferred into (a) a microtube containing 90 ul glycine 
buffer at pH 3.5 and (b) a microtube containing in addition 
to buffer 30 pl of the trichloroacetic acid and uranium acetate 
solution. After stirring and incubating for 10 minutes in a 
26°C. water bath, the TCA solution was also added to the 
former tube. Pipetting was done with a micropipette (Barth 
and Sze, ’51). A constant pressure delivery apparatus was 
used when pipetting homogenate. 

After at least 30 minutes’ precipitation, the tubes were 
centrifuged and 120 ul of the supernatant transferred to a 
new set of microtubes to which 40 ul molybdate solution were 
added. Again the solution was centrifuged and as much of 
the supernatant as could be removed with a micropipette put 
into calibrated micro-colorimeter tubes. Ten minutes after 
the addition of reductant the optical density was measured 
on a Coleman Junior spectrophotometer using a 660 mu wave- 
length. The instrument was zeroed with a blank containing 
distilled water instead of homogenate. Final readings were 
obtained by subtracting control from experimental readings 
and converting to ne P by means of a standard curve. 

The dry weight was found by weighing an aliquot of ho- 
mogenate on a quartz microbalance (Sze, 52). Both the pip- 
ette used to deliver the homogenate for incubation and that 
for dry weight were carefully calibrated by weighing deliveries 
of known KHC,H,O, solutions which had been dried. With 
a knowledge of the exact volume and weight of the aliquot 
whose dry weight was determined, and the exact volume and 
phosphorus content of the aliquot whose extinction was meas- 
ured, the pg P per ug of dry weight were calculated. 

Several experiments were tried using ascorbie acid as an 
activator (Feinstein and Volk, 49). However, since it was 
found that the compound acted as a reductant, giving standard 
curves as accurate as those with aminonaphtholsulfonic acid, 
no further use was made of it. 
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RESULTS 
Properties of PPPase 


pH optimum. Glycine (HCl), acetate, succinate, veronal 
and glycine (NaOH) buffers were used to provide a range 
of from one to 11 pH units. Addition of homogenate caused 
an average pH change of less than 0.2 in pHs from one to 
11 and one of less than 0.05 in the two to 5 pH range. It is 


po. P/EGG /10 MIN. 
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Fig. 1 The effect of pH on phosphoprotein phosphatase activity. 


evident that comparatively little phosphate is split from endo- 
genous substrate by any enzyme or enzymes other than the 
one active at pH 3.5. Why there is a difference of one and 
one-half pH units in the optimum found in the present study 
and that reported by Harris (’46) of pH 5.0 is not clear. If 
it is assumed that Harris’ method releases only large, fully 
developed ovarian eggs, the wet weight is about 3 mg (Atlas, 
38) ; the average amount of phosphate released in 10 minutes 
at 37°C. is about 400mg per 100gm wet weight or 12ug 
per egg. This is about twice the amount released at a pH 
of 3.5 at 26°C. Although the difference in amount may be 
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due to the fact that citrate buffer dissolves yolk platelets 
more easily than glycine buffer, the difference in pH optima 
remains unexplained. 

Temperature. Aliquots from a brei kept in an ice-bath were 
taken over a period totaling about 90 minutes and incubated 
at various temperatures. The loss in liberation of phosphate 
at the end of the 90 minutes was 10%, but this loss does not 
affect the conclusions. The optimum temperature for the 
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Fig. 2. The effect of temperature on phosphoprotein phosphatase activity. 


reaction is between 30°C. and 35°C. The incubation tempera- 
ture used in the experimental work was 26°C., which is close 
to the optimum and in addition is within the range of tem- 
perature tolerance for Rana pipiens embryos (Moore, 739). 
The curve obeys the Arrhenius equation from 13°C. to 26°C. 
giving a u of about 15,000. The Q?° from 15°C. to 25°C. is 2.3. 

Time. The rate of enzyme activity is constant for the first 
10 minutes. The decrease in rate after this time is probably 
due to lack or non-availability of substrate as indicated by 
Barth and Jaeger’s finding (’50b) that addition of an extract 
containing phosphoprotein substrate plus heat inactivated 
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enzyme to one containing both active enzyme and substrate 
increased the amount of phosphate released. Moreover, ac- 
cording to Kutsky (50), there is a total of from 7 to 10 ug 
phosphoprotein phosphate in the egg. 

Enzyme activity during normal development. Eggs from 
10 females were analyzed for phosphoprotein phosphatase ac- 
tivity during development. The mean value for readings in 
the first 100 hours ranged from 1.7 ug P per egg to 7.0 ug P 
per egg for different batches of eggs, with a mean for all the 
batches of 4.4 ug P. That these differences are not correlated 
with the size of the egg is indicated by the experiments on parts 
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Fig. 3 The effect of length of incubation time on phosphoprotein phosphatase 
activity. (The curve was determined by means of the least squares method.) 


of the gastrula in which there were also differences although 
determinations were made on a dry weight basis. In order 
to keep experiments with fewer readings from influencing the 
values disproportionately in any analysis which required 
averaging the readings from different experiments, the mean 
for the first 100 hours was brought to 4.4 for each batch by 


n 


multiplying each reading by a factor ak or the common mean 
divided by the individual mean. Thus all readings within 
an experiment retained the same relative values. 

From studying the individual patterns of PPPase activity 
throughout development, it is evident that there are few 


common trends. Activity may be fairly constant for the first 
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50 hours in one batch of eggs, or it may fluctuate, showing a 
decrease in activity in some and an increase in others. That 
these variations are not because of the method is indicated 
by several observations. Tests made on two groups of eggs 
from the same batch homogenized about 5 minutes apart 
show the same activity; few of the trends are indicated by 
only one point; a majority of the experiments have fluctua- 
tions at some time before gastrulation. 

The data from the 10 experimental series were plotted in 
two ways, as a function of time and as a function of develop- 
mental stage. See figures 4 and 5. For the former the time 
scale was divided into blocks which became successively 
larger with time unless there were many readings, as at 
gastrulation, when smaller time units were used. The num- 
ber of readings per block averaged 8 and ranged from 6 to 
12. The average reading was then plotted against the average 
time at which the reading was taken to give the curve in 
figure 4. Assuming that the readings are normally distributed 
in each time block, the probability, p, that in two time blocks 
having the same mean the reading of one is greater than 
that of the other is one-half. In a series of experiments the 
probability, P, that these two values, having the same mean, 
will show a difference of the same sign x times out of n trials 
is given by the binomial equation 


pe aaDles x (] n-x 
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This test was used to analyze the results. 

The decrease in activity between the unfertilized and the 
newly fertilized egg is not significant when compared with 
either the first three hours or the first 20. The decrease be- 
tween 12 and 20 hours is likewise not significant. However, 
the activity at 20-30 hours (P 5%), and that at 45-60 hours 
is greater than that from 20-30 hours (P =0.4%). No signifi- 
eant difference is found between 45-60 and 60-80 hours but 
that between 45-60 and 90-100 is significant, so it can be con- 
sidered that 45-60 = 60-80 = 90-110. The increase from 140- 
180 is not significant. Considering the period from 20-90 
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hours, which may be regarded as preparation for gastrulation 
plus gastrulation, the average activity is greater than that 
from 0-20 hours in every experiment. Summarizing, 1-20 
< 20-30 < 45-60 = 60-80 = 90-110, which represents in 
stages 1-6 < 7 < 9-10 = 10-11 = 12. The peak of activity 
is somewhere between 45 and 60 hours or just before and 
during the formation of the dorsal lip. It is evident from the 
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Fig. 4 Correlation of PPPase activity with hours of development at 14°C. The 
top figure is for haploid, the middle for normal and the bottom for hybrid embryos. 
The arrows mark the beginning of gastrulation. 


data that after 180 hours (stage 16) the activity decreases 
at a nearly constant rate. 

As would be expected, an analysis of the PPPase activity 
as a function of the stage of development gives results similar 
to those obtained above. See figure 5. The average number 
of readings per stage is 8 with a range of from 4 to 15 read- 
ings. It is again to be concluded that in the time preceding 
and during gastrulation the activity is higher than it is during 
the beginning of development; in every experiment the ac- 
tivity of stages 1-8 is less than that of stages 9-11. However, 
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in this analysis it is found that there is a decrease in activity 
after fertilization or between stages one and two (P=2%). 
Stages 9-10, stages 10-11 and stage 11 are all significantly 
higher than stages 1-8 (P=5% for each). Other compari- 
sons made revealed no significant differences except that 
stage 11 is greater than stage 12 (P=2%). Summarizing, 
stage 1 > 2-8 < 91011 > 12. Combining the results of 
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Fig. 5 Correlation of PPPase activity with stage of development. The top 
figure is for haploid, the middle for normal and the bottom for hybrid embryos. 


the two analyses, it is found that there is a slight decrease 
in activity from before fertilization to first cleavage, a low 
point just before stage 7 when there is an increase; just be- 
fore gastrulation begins at stage 9 the activity is at a peak 
which starts decreasing sometime during stage 10 and con- 
tinues to decline to stage 12, where it has reached its initial 
activity. This level of activity is maintained through stage 
15 and then declines steadily to stage 25. 
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An examination of the ‘‘corrected’’ data shows that there 
are two periods in development in which the range of the 
readings is less than lpg. One such interval is found at 
54-62 hours (7 points), the period when gastrulation is be- 
ginning, and the other from 140-150 hours (7 points), the 
beginning of stage 14 when the neural folds are forming. 
Both of these are periods of development during which active 
and crucial movements are taking place. 

In 4 of the experiments, 6 to 11 determinations were made 
in the first 12 hours of development (up to the 32-cell stage). 
In each case a decreased enzyme activity between three and 
5 hours after fertilization of from two to 5 hours’ duration 
was observed. This occurred before the first cleavage and 
was as much as a 75% change in activity. Another decrease 
was observed between 7 and 12 hours (stages 4-7). There is 
no obvious correlation of these changes with cleavage. 

Enzyme actwity during hybrid development. Individual 
developmental series comparing the hybrid (fig. 4) and nor- 
mal embryos of the same female show that their PPPase 
activity follows a similar pattern in time, with the hybrid 
having a somewhat higher activity at one time, the normal 
at another. The differences are not usually large and do not 
seem to be regular. Although there are 4 degrees of freedom 
in the hybrid experiments rather than 6 to 8 as in the above 
experiments, the following can be said. Stage 9 has signifi- 
cantly more activity than stages 1-8 (P=6%) and stage 
10 is definitely not significantly higher, although in the nor- 
mal embryos from the same females it is (P 6%). It should 
be remarked that stage 10 is a difficult one for comparisons 
since activity seems to decrease, but this would favor the 
interpretation that the activity is lower in hybrids since they 
are slower to reach stage 10. This means that observations 
made on both types at the same hour would be made on a 
more advanced, therefore, lower stage 10 in normals. If time 
blocks are compared (fig. 5), the activity from 20-90 is not 
significantly higher than that from 1-20 hours, although it 
is higher at 40-90 hours (P=6%). From 75-100 hours, the 
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time at which the normal embryo is in stage 11, the PPPase 
activity is not higher than from 1-20 hours. The degrees of 
freedom would not permit small differences between normal 
and hybrid embryos to be detected and an analysis shows 
that there are no such differences for stages 7, 8, 9 and 10. 
The main conclusion to be reached is that there is not as 
prolonged a rise in activity in the hybrid as in the normal 
embryo, since it is only stage 9 which has an activity higher 
than that found at the beginning of development. 

Enzyme activity during haploid development. In the hap- 
loids, as in the hybrids, the individual developmental curves 
follow closely in time and trends those of the normal embryos 
from the same female. See figures 4 and 5. The PPPase 
activity of the haploids is greater at stages 9-11 than at 
stages 1-8 and the activity from 20-90 hours greater than 
that at 1-20 hours (P = 6% for both). Any differences which 
may exist between haploids and normals are too small to be 
shown by three degrees of freedom and we may conclude that 
there are no significant differences in PPPase activity be- 
tween the two. 

Enzyme activity in the parts of the normal and hybrid 
gastrula. In view of the fact that at least the visual mani- 
festation of the first part of gastrulation is a local one and 
that the hybrid does not continue this process, an analysis 
of PPPase activity in the different regions is indicated. The 
results of 5 experiments on the normal and on the hybrid are 
given in tables 1 and 2 and figure 6. An analysis of variance 
on a 5% level shows that in the normal embryo PPPase 
activity is as follows: D>2, 1>3 and 2>4. Although 
P=20% for the parts 1 and 2, part 1 can be considered 
greater than 2 since D>2 and D=1. Therefore, D=1 
>2=—=3<4=—=V=D. There is a vegetal-animal gradient 
with the regions (1 and 4) above the large yolky cells equalling 
the latter in activity. Parts 1 and 4 are equal, as are parts D 
and V, so that there is no ventral-dorsal gradient of activity. 

In the hybrid, part 1 or the region just above the dorsal 
lip, is significantly lower than D, unlike the situation found 
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TABLE 1 


The distribution of PPPase activity in the various regions of the normal egg 
in wg P/ug dry weight 


REGIONS 


EGG NO. 
D 1 2 3 4 Vv 
1 0.0032 0.0028 0.0028 0.0018 0.0032 0.0038 
2 0.0039 0.0038 0.0018 0.0033 0.0030 0.0029 
3 0.0018 0.0015 0.0018 0.0013 0.0020 0.0016 
4 0.0024 0.0029 0.0026 0.0022 0.0033 0.0023 
5 0.0022 0.0023 0.0015 0.0018 0.0017 0.0013 
Mean 0.0027 0.0027 0.0021 0.0021 0.0026 0.0024 
‘ TABLE 2 


The distribution of PPPase activity in the various regions of the hybrid egg 
-in ug P/ug dry weight 


REGIONS 


BGG NO. 
D 1 2 3 + V¥ 
1 0.0039 0.0025 0.0022 il 0.0024 0.0036 
2 0.0035 0.0019 0.0009 0.0023 0.0028 0.0022 
3 0.0019 0.0018 0.0013 0.0016 0.0019 0.0015 
4 0.0017 0.0013 0.0010 ~ 0.0020 0.0026 
5 0.0021 0.0005 0.0018 0.0025 0.0024 0.0024 
Mean 0.0026 0.0016 = 0.0014 0.0022 0.0023 0.0025 


* Lost. The average per cent P for this region in the other experiments was used 
to calculate a mean, 


in the normal gastrula. From the three determinations made 
on part 3, it appears to be higher than part 2 (P=15% for 
two degrees of freedom); the significant difference between 
2 and 4-and the fact that 3 and 4 are equal (P—35%) is 
further verification for the relationship 2 < 3. The sequence 
isD>1—=2<3=4=V=D. The lowest part of the gradi- 
ent in the hybrid is between parts 1 and 2 rather than at the 
animal pole as in the normal gastrula. This difference gives 
the hybrid a ventral-dorsal gradient. 

PPPase activity as related to other standards. Since we 
have available the Barth and Sze (52a) figures on the rela- 
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tionship of total nitrogen, dipeptidase, cell number and ex- 
tractable fraction to dry weight for the various regions of 
the Rana pipiens gastrula which were dissected, we are able 
to refer the PPPase activity to these standards. See figure 6. 
If total nitrogen as an index of total protein is used, it is found 
that the regions above the large yolk-filled cells (1 and 4) have 
a higher activity per unit of total nitrogen than the other 


P/DIPEPTIDASE oO  P/NON- 
EXTRACTABLE 
FRACTION 
°o 


cond \ 


P/CELL 


Del 2° Se4av DTI eiset Vv Di dnc2. 2S eA V 


Fig. 6 PPPase activity in the regions of the early gastrula. © represents the 
normal gastrula, @ the hybrid. The abscissae represent the regions of the gastrula. 
See text. The ordinates are: (a) xl0“°yg P/ul 0.05 N HCl for dipeptidase (b) 
xl0“*yug P/ug dry weight for non-extractable fraction (c) xl0*ugP/ug dry 
weight for dry weight (d) xl0-* wg P/ug total N (e) x10° ug P/cell. 


parts of the gastrula. A more significant comparison of the 
regions would be that made on the basis of enzyme activity 
per unit of yolk, or that fraction not extractable by 0.65% 
NaCl in phosphate buffer (Gregg and L¢vtrup, ’50), since 
yolk provides the substrate for this reaction. If the PPPase 
activity per per cent dry weight of non-extractable fraction 
is calculated, it appears that the high activity of the dorsal 
lip is to a large extent independent of the amount of substrate 
but that of the other regions, including the ventral counter- 
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part, part 4, is not. Further support for this statement comes 
from observation of the dissected gastrula; it is evident that 
the cells in region 4 are larger and yolkier than in region 1. 
Barth and Sze (to be published) found this also true when 
they determined the number of cells per pg of dry weight 
in the 6 regions; there are 77 cells in region 1 compared to 53 
in region 4. In general it is true that the larger the cell, the 
higher is its PPPase activity as is evident from figure 6. 

No comparable measurements of total N ete. have been 
made on the hybrid and since the lower activity found on the 
dorsal side of the embryo may be correlated with any of the 
substances used as reference standards, no comparison of 
normal and hybrid gastrulae was attempted. 

Since it is known that the average dry weight of the Rana 
pipiens embryo is 1.3 mg, it is possible to compare the PPPase 
activity of the whole egg to that of the sum of its parts. A 
rough estimate would be given by taking the average enzyme 
activity per pg of the parts and comparing it to that of the 
whole egg. However, a more refined method would be to 
calculate directly the enzyme activity of the whole egg from 
that of its parts by using measurements by Barth and Sze 
(to be published) of the number of cells per ug in the 6 regions, 
and of the total number of cells in the vegetal hemisphere and 
in the dorsal half and ventral half of the animal hemisphere. 
The number of cells is then multiplied by the amount of P 
per cell. Using the average PPPase activity for parts D and 
V, the vegetal hemisphere has an activity of 2.1 ug P (11,000 
x 0.000190) ; averaging the activities of parts 1 and 2, and of 
parts 3 and 4 respectively, the dorsal half of the animal 
hemisphere has an activity of 0.35 ug P (12,000 « 0.000029) 
and the ventral half also 0.35 pg P (9,600 x 0.000036). This 
gives a total of 2.8 ug P per egg, a value lower than the 5.0 pg 
per ege found with homogenates of the whole egg; the dis- 
crepancy is to be expected since in the latter experiments the 


regions with more substrate are combined with the regions 
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of higher enzyme activity; indeed, the greater enzyme activity 
per unit N is associated with the smaller yolk platelets, which 
are to be found in greatest concentration in the animal half 
of the egg (Panijel, 50). The values agree well with those 
of Barth and Jaeger (’51) on animal and vegetal halves of 
the gastrula minus the marginal zone; these were 2.0pg P 
compared to the above 2.1 ug P for the vegetal zone and 0.4 
ug P compared to 0.7 ug P for the animal hemisphere. 


DISCUSSION 


In any evaluation of the role of an enzyme based on de- 
terminations of its activity in homogenates, consideration 
must be given to the possible relationship of this activity to 
occurrences in the living organism. It is perhaps even more 
important in cases where there is not the reassurance which 
comes from correlating the activity with the emergence of 
a function in which other evidence indicates the enzyme plays 
a part. Since no additional substrate was supplied for the 
experiments reported here, the very enzymatic nature of the 
process releasing phosphate should be questioned. However, 
the pH optimum, the temperature optimum, the Q?°, all leave 
little doubt that this is an enzymatic reaction. That it attacks 
phosphoprotein, Harris demonstrated by showing that the in- 
crease in inorganic phosphate could be accounted for by the 
decrease in protein phosphate; furthermore, the enzyme will 
release phosphate from another phosphoprotein, casein. The 
omission of additional substrate has at least a theoretical ad- 
vantage, however, since formation of product is dependent 
only on the amount of enzyme, substrate and cofactors pres- 
ent in the normal organism or in the living condition. 

The nature of the change in enzyme systems upon homogeni- 
zation is difficult to investigate experimentally. Certainly, 
it is evident that the release of 10 ug P per egg per hour in 
a brei does not normally ocur in the living egg; according to 
Kutsky (750) 7-10 upg is the total amount of phosphoprotein 
phosphate in Rana pipiens eggs. The present experiments 
give no evidence as to whether the acceleration is because of 


: a a 
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the breakdown of an organization separating the enzyme and 
substrate, as Spiegelman and Steinbach believed was true 
in the case of greater oxygen consumption in breis (745), or 
whether there are chemical changes in the brei conducive to 
enzyme activity. However, it is safe at least to assume that 
when under identical experimental conditions there is a 
change in the enzyme activity of the breis, it is as a result 
of a physical or chemical change in the organism being in- 
vestigated. These changes may be clarified by other proper- 
ties which the organism exhibits. 

The comparatively large (as much as 75%) decrease and 
subsequent increase in the amount of phosphate release which 
occurs before first cleavage is difficult to account for on the 
basis of changes in quantity of enzyme. Several authors 
have reported cytoplasmic movements after fertilization (see 
Fankhauser, 748), which may alter the relation of enzyme 
and substrate to some extent. There is other evidence for 
changes in the physical state of various eggs: in Chaetopterus 
there are pronounced changes in viscosity before first cleav- 
age (Heilbrun and Wilson, ’48); such changes may well have 
an effect on enzyme activity since they most likely represent 
an alteration of protein state. As for inactivation of the en- 
zyme as a possible explanation, PPPase is activated by re- 
ducing agents (Feinstein and Volk, ’49) which apparently do 
change their state rapidly during development in some cases. 
For example, in the sea-urchin egg before first cleavage the 
amount of reduced glutathione decreases 75% and returns to 
the previous level all within an hour (Rapkine, ’31). The 
possible importance of such physical and chemical changes 
as those discussed for in vivo conditions is difficult to investi- 
gate experimentally since they are usually altered by the 
experiment itself. 

The difference in PPPase activity of individual batches of 
eges during early development could be interpreted to mean 
that the enzyme function is not critical at that time. However, 
the developing embryo is known to have a flexibility which 
must have a basis in its metabolism. It is suggested that when 
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one system fails to function adequately for some reason, the 
PPPase system may be utilized much as the anaerobic sys- 
tem may substitute for the aerobic one in sugar metabolism. 
That the deficiency, if any, causing PPPase to function is 
often inherent in the egg cytoplasm is indicated by the fact 
that eggs from the same female, whether normal, haploid or 
hybrid, usually have a similar activity in the earlier stages. 
The fact that the changes in PPPase activity are not fluc- 
tuations but trends of from 10 to 20 hours’ duration, which 
return to a former level, would be in keeping with this hy- 
pothesis. At gastrulation, and at neuralation, two processes 
which are assumed. to require energy, the activity is never 
low. 

In the haploid and normal embryos, where gastrulation is 
successfully concluded, PPPase has in vitro an increased ac- 
tivity before and during gastrulation, whereas in the hybrid, 
which only begins to gastrulate, the activity is higher only 
just before gastrulation. Furthermore, the dorsal lip region, 
which is the most active during gastrulation, has a lower 
activity in the hybrid than in the normal egg. Can what we 
know about the metabolism of the amphibians at this stage 
furnish an interpretation of these results? A distinct possi- 
bility is that the phosphate released by the enzyme is directly 
or indirectly turned into the inorganic phosphate pool to be 
used in the glycolytic cycle. A careful examination of Gregg’s 
(48) data on whole eggs reveals that an appreciable amount 
of glycogen is not utilized until stage 11 to 12, whereas PPPase 
activity in vitro seems to reach a peak sometime between 
stage 9 and 10. In the dorsal and ventral lip, however, gly- 
cogen decreases between stage 10 and 12 (Jaeger, ’45) and 
PPPase activity is high in both these regions. Correlated with 
this is a relatively large inorganic phosphate pool at stage 
10 (Kutsky, ’50). If the apparent lag between highest PPPase 
activity and glycogen utilization is real, it may be because 
glycogen utilization is deferred until enough inorganic phos- 
phate has been released for the glycolytic cycle to function; 
or if the bond is a high energy one, the energy may first be 
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transferred or used and the inorganic phosphate then re- 
leased to the glycolytic cycle (Barth and Barth, ’51). On the 
other hand, the enzyme may simply be in such a state that 
it can more easily be stimulated to react when needed. 

In the hybrid the region above the dorsal lip has a lower 
PPPase activity than it does in the normal gastrula and, cor- 
respondingly, less glycogen is utilized in this region (Jaeger, 
45). The whole vegetal-animal gradient of PPPase activity 
seems to be shifted in the hybrid so that the low point is 
farther toward the vegetal pole. It is of interest to note in 
this connection that the dorsal lip also seems to be nearer 
the vegetal pole in the hybrid than in the normal embryo 
(Moore, ’46). This shift may be correlated with the higher 
enzyme activity in the yolky region rather than with the shift 
in gradient. 

According to recent research of Barth and Jaeger (’50a, b 
and ¢, 751), the enzyme PPPase is part of a transfer system; 
on addition of ATP to a brei containing phosphoprotein, 
PPPase and ATPase, less inorganic phosphate is found than 
in the absence of ATP, indicating that the phosphate released 
has been transferred to another compound by transphospho- 
rylation. There is more ATP and ATPase available for such 
a process in the dorsal lip than in the ventral ectoderm (Fujii, 
Utida, Ohnishi and Yanagisawa, ’51). The organism may well 


avail itself of the fact that phosphate can either be released 


as inorganic phosphate or transferred to another compound. 

After the neural tube stage PPPase activity in vitro de- 
creases; until stage 22 this is a function of loss of substrate 
rather than enzyme (Barth and Barth, ’51) although by stage 
25 there is also little enzyme (Barth and Jaeger, ’50). No 
appreciable decrease in yolk platelets occurs until after hatch- 
ing (Bragg, ’39) but PPPase could still be active in vivo since 
it removes phosphate without previous hydrolysis of the pro- 
tein molecule (Feinstein and Volk, ’49). Although no differ- 
ence in PPPase activity was found between normal and hap- 
loid embryos, at stages after hatching this may be the effect 
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of substrate since haploids have more yolk at these stages 
(Porter, 39). 

Although an investigation of the effect of nuclear factors 
on enzyme activity during development was not the primary 
purpose of this study, it is of interest that PPPase activity, 
at least in vitro, can be maintained at a normal level even 
though only half the usual amount of genetic material is 
present. In the hybrid both the amount and distribution of 
PPPase activity are altered. Moore (’47, ’48) suggested that 
failure of the hybrid to gastrulate would be explained by 
competition between genes of the two parent species, or their 
analogs, for substrate so that less product is released. Al- 
though in the present study less phosphate is released in the 
hybrid than in the normal embryo, the experiments were not 
designed to reveal the mechanism. 


SUMMARY 


1. Phosphoprotein phosphatase activity during normal, 
haploid and hybrid amphibian development was determined 
by measuring the inorganic phosphate released by breis. The 
phosphate was measured after 10 minutes’ incubation of the 
brei at a temperature of 26°C. and a pH of 3.5, conditions 
which were found to be nearly optimum for PPPase activity. 
There is an average activity under these conditions of 4 to 
Sug P per egg. 

2. In normal development the PPPase activity decreases 
slightly after fertilization and shows a pronounced drop and 
rise in activity before first cleavage and again between the 
third and 5th cleavage. During later cleavages the activity 
shows no definite pattern, but just before and during gastru- 
lation the activity is high; after closure of the neural tube 
the activity declines. 

3. Eggs from the same female, whether haploid, hybrid or 
normal, generally have a similar PPPase activity up to gas- 
trulation. 
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4. Differences in PPPase activity between haploid and nor- 
mal embryos, if any, were too small to be detected in the 
number of experiments performed. 

5. The hybrids have an increase in activity of shorter dura- 
tion than do the normal or haploid embryos. 

6. Determination of the PPPase activity per dry weight 
unit in 6 regions of the early gastrula reveal a lower activity 
in the region above the dorsal lip in the hybrid than in the 
normal embryo. 

7. The PPPase activity of the normal gastrula regions was 
calculated per unit of yolk, dipeptidase activity, total nitro- 
gen and per cell. 

8. The possible role of PPPase in development was dis- 
cussed. 
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Comments relating to articles which have recently appeared 
in the Journal of Cellular and Comparative Physiology and 
brief descriptions of important observations will be published 
promptly in this Section. Preliminary announcements of 
material which will be presented later in more extensive form 
are not desired. Communications should not in general exceed 
700 words. 


INFLUENCE OF pH ON THE GROWTH OF TETRA- 
HYMENA IN SYNTHETIC MEDIUM 


JOHN V. SLATER? 
Department of Zoology, University of Michigan, Ann Arbor 


ONE FIGURE 


The pH optimum for the growth of Tetrahymena geleu EK. 
in peptone medium was established by Elliott in 1933 but the 
most effective pH for the growth of this ciliate in synthetic 
medium has not been demonstrated. It was shown by Slater 
(751) that the medium usually used for the growth of strain 
E will not hold its initial pH especially when large amounts 
of glucose are present. The use of piperazine dihydrochloride 
_ and glycylglycine, as reported by Smith and Smith (’49) for 
the production of a non-toxic buffer system might be applicable 

for Tetrahymena. 

1 Postdoctoral Fellow in the Biological Sciences, United States Atomic Energy 


Commission. 
519 


TABLE 1 


Effect of initial pH on peak population production of Tetrahymena geleti B. 
in synthetic media 


PLUS MINERALS 


MINUS MINERALS 


pH Peak Popul. pH Peak Popul. 
Init. Final O.DA Count Init. Final O.D. Count 
5.6 Tal 132 98,000 + 9,200 5.6 6.6 119 76,000 + 9,000 
6.4 7.2 134 80,000 + 7,800 6.6 7.1 134 82,000 + 11,000 
7.6 7.6 140 80,000 + 5,400 76 71 125 69,000+ 7,400 
8.5 7.5 32 36,000 + 1,040 8.5 7.9 21 9,900 == 860 


1 Optical density. 
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The composition of the medium and the procedures used 
were modified from Elliott (’49, 50) as previously reported 
by Slater (752). Protogen ? was used instead of a-lipoic acid, 
and magnesium sulfate to the extent of 10 mcg/ml was pres- 
ent in all instances (Slater, in press). The influence of the 
usual cation spectrum used was tested for any effect on the 
pH optimum for growth. None of the other cations were 
present in the media listed as ‘‘minus minerals’’ except for 
potassium as the phosphate and calcium as the pantothenate 
with the exception that the usual contaminations carried in 
with the analytic reagents were present. 

In the presence of the cations, initial pH values from 5.6-7.6 
did not effect the peak population production. At pH 6.5 the 
eations had no effect, but at pH 5.6 or 7.6 somewhat better 
growth was obtained when the salts were present. It is seen 
from table 1 that the ciliate was able to regulate its environ- 
mental hydrogen ion concentration to a final value of 7.1-7.6 
regardless of the initial value when all of the cations were 
present. Acid production probably lowers the pH when cul- 
tures are started at high values, and nitrogenous excretory 
products raise the pH when cultures are incubated in media 
started at low pH values. After three days’ incubation, cul- 
tures in media with the cations present were found to grow 
best at pH 6.4 (fig. 1), but after 53 days about the same amount 
of growth was obtained in media started with an initial nH 
ranging from 5.5-7.5. The fastest growth rate, however, was 
obtained at pH 6.4. 

The synthetic medium used for the growth of strain EK does 
not yet produce tetrahymenal protoplasm as rapidly as does 
peptone. Work in this laboratory now in progress by Elliott 
and Wu (unpublished data) may result in a much improved 
synthetic environment for this animal. 
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CONCENTRATION OF HEMOGLOBIN IN THE BLOOD 
OF DEEP SEA FISHES 


L. VAN DAM AND P. F,. SCHOLANDER 


Woods Hole Oceanographic Institution, Woods Hole, Massachusetts 
(Contribution number 633 from the Woods Hole Oceanographic Institution ) 


It has long been known that deep sea fishes can secrete gas 
into their swimbladders against considerable pressures. Rich- 
ard (1895) and Schloesing and Richard (1896) analyzed the 
swimbladder gas from deep sea eels, Simenchelys parasiticus 
and Synaphobranchus pinnatus, taken at 1674 and 1385 me- 
ters’ depth respectively, and in a recent study fishes with 
swimbladders were found to be common down to a depth of 
at least 1000 meters, or at 100 atmospheres’ pressure (Schol- 
ander and van Dam, 753). In agreement with the data of 
Schloesing and Richard we found also that at a pressure of 
about 100 atmospheres some 90% of the swimbladder gas 
consists of oxygen. 

An important function of the gas secretion is to maintain 
the fish at a neutral buoyancy at any depth. In order to 
compensate for a given buoyancy decrease a molar amount 
of gas must be secreted which is proportional to the hydro- 
static pressure at which the buoyancy adjustment must be 
accomplished. Thus, at 100 atmospheres’ depth 100 times 
more gas must be secreted than at the surface in order to 
effect the same increase in swimbladder volume. This con- 
sideration led us to look for conditions which might possibly - 
speed up or facilitate the gas secretion in deep sea fishes. 
Such a condition, if the oxygen secreted into the swimbladder 
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is transported by the hemoglobin, could be an increased hemo- 
globin content. 

Since the iron content of the blood may be assumed to reflect 
very nearly its hemoglobin content and hence its oxygen com- 
bining capacity, we have measured the iron content of the 
blood in 11 species of deep sea fishes in order to determine 
if these fish have developed a higher oxygen capacity of the 
blood to facilitate oxygen secretion. 


MATERIAL AND METHODS 


The fishes were caught by trawling during two cruises off 
the New England coast in July, 1952, as previously described 
(Scholander and van Dam, 753). The blood was drawn by 


TABLE 1 


Iron contént in the blood of deep sea fishes 


MG FE PER 100 OM’ BLOOD 


Cottunculus thomsonii 3 750-915 10.4 14.1 1129 
Coryphaenoides rupestris 3 390-865 9.2 16.9 11.9 
Macrourus berglax 3 860-945 12.8 18.3 16.5 
Merluccius bilinearis 1 930 24.0 24.0 24.0 
Notacanthus phasganorus 1 610 18.0 18.0 18.0 
Sebastes marinus 2 500 24.7 25.1 24.9 
Simenchelys parasiticus 3 640-915 20.0 23.7 22.0 
Synaphobranchus pinnatus 2 710-865 14.5 29.1 21.8 
Urophycis chesteri 2 610-865 16.6 21.7 19.2 
Urophycis chuss 2 125 20.4 21.3 20.9 
Urophycis tenuis 6 610-640 20.4 26.0 24.0 


hypodermic syringe from the heart, which was usually still 
pulsating. A larger than normal spread in our data may have 
been brought about by the presence of a severe gas embolism 
in the blood of some of the fishes, disturbing the normal 
plasma to cell ratio. The samples (1-2 ml) were stored in 
small stoppered vials for analysis on shore. No anti-coagulant 
was used. 

The coagulated and more or less rotted sample was trans- 
ferred quantitatively into a glass homogenizer, and 1 cm? of 
the homogenate was digested by wet ashing in a mixture of 
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concentrated sulfuric and nitric acid. The concentration of 
iron in the clear and colorless digest was determined in a 
Klett-Summerson photo electric colorimeter, essentially fol- 
lowing the procedure of Wong (’28). 


RESULTS 


Our analytical data are shown in table 1. The mean value 
of the iron content in the blood of 11 species of deep sea fishes 
is 19.6mg %. Hall and Gray (’29) give iron values from 15 
species of shallow water marine fishes. Their mean value is 
26.7 mg %. If we disregard their data on fishes of the mackerel 
family with an exceptionally high iron content, their average 
is 22.3mg %. There is, therefore, no indication that deep sea 
fishes have higher hemoglobin concentration in their blood 
than shallow water species. 


SUMMARY 


The iron content of the blood has been determined in 11 
species of deep sea fish, caught at depths of 125 to 945 meters. 
The values fall well inside the range of those found in shallow 
water fishes. There is no indication, therefore, that deep sea 
fishes have developed a high oxygen capacity of the blood as 
a possible means of facilitating the secretion of oxygen against 
high pressures. 
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